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Abstract 
Two-dimensional (2D) materials show different properties from three-
dimensional materials owing to the quantum confinement they have in the 
vertical direction (perpendicular to their plane). Graphene, as the first 
established one-atom-thick 2D material, has received widespread attention 
owing to its versatile and rather extraordinary properties. Metasurfaces, as 
an artificial 2D material, have shown potential for new functional 
electromagnetic (EM) devices since they possess EM properties not found in 
natural materials. On top of that, the graphene-metasurface hybrid devices 
are receiving progressing attention.  
This thesis investigates the two 2D materials’ interactions with high-
frequency signals, aiming to develop some exemplar applications, including 
a high-sensitive dielectric sensor, a THz-pulse detector, a broadband tunable 
THz polarizer, and tunable (MHz – GHz) acoustoelectric (AE) current source.  
The interaction of 2D materials with THz waves was first investigated. 
The resonant frequency of a THz split-ring resonator (SRR) was found to be 
altered by the introduction of etched trenches into the LC gap area, owing to 
a reduction in the effective permittivity, which allowed a significant 
enhancement in its sensitivity to overlaid dielectric material.  
Carriers in graphene can be accelerated by the electrical field of free-
space THz pulse, which enabled a free-space THz detector, whose 
performances were also tested.  
 v 
Combining the technologies developed in these two projects, the 
interaction between graphene-metasurface hybrid devices and THz waves 
was next explored. Our graphene-metal hybrid stripe arrays showed both a 
significant direction-dependent transmission, and a strong modulation effect 
for the transmitted THz waves across a wide frequency range, so 
demonstrating a broadband tunable THz polarizer. 
2D materials interacting with surface acoustic waves (SAWs) were then 
investigated. The SAW induced carriers transport in graphene was examined 
with SAW frequencies from 10s of MHz to GHz and at cryogenic to room 
temperature. Experiments were made on bars of graphene, graphene 
ribbons and gate-modulated graphene strips. The combination of these 
works suggests strong future possibilities for the study of quantized AE 
currents in graphene. 
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Chapter 1  Introduction 
 
When the size of one dimension of a material is continuously reduced, 
the properties of the material start to change when the size gets down to 
hundreds of nanometers owing to the quantum confinement which is 
produced in this direction. This reduction in dimensionality influences the 
electronic, chemical, optical, and magnetic properties of materials. If the 
confinement is seen in one dimension while the other two dimensions remain 
large, the material is called two-dimensional (2D). Ideal 2D materials have 
zero thickness, while one-atom-thick material are the thinnest material that 
can be obtained in nature since the atom is the basic unit of matter. 
Monolayer graphene is one-atom-thick 2D carbon, and this strictly 2D 
material has revealed a wealth of new physics and potential applications [1]. 
Metasurfaces, which can be defined as an artificial-material layer with sub-
wavelength thickness, can also be treated as one-atom-thick 2D materials 
since they are composed of one layer of “meta-atom” arrays; they have 
received wide attention since they can show electromagnetic (EM) properties 
not found in natural materials [2]. This chapter introduces the developments 
of these two kinds of 2D materials. The contents of this thesis regarding the 
high-frequency studies of 2D materials are then listed.  
 2 
1.1 Two-dimensional materials 
1.1.1 Graphene 
Since the realization in 2004 [3] of graphene, it has received widespread 
attention owing to its versatile and rather extraordinary properties. Firstly, 
graphene contains the lightest charge carriers, massless Dirac fermions [4], 
with the longest carrier mean free paths (of micron scale) at room 
temperature [5], meaning that a high carrier mobility is reachable in graphene 
without cooling. Secondly, graphene has high electrical conductivity and a 
high optical transparency [6], and can bare very high current densities 
(millions of times that achievable in copper) at room temperature [7], making 
it preferable to metals for some applications, including its use for transparent 
electrodes and in supercapacitors. On top of that, the flexible and stretchable 
mechanical properties of graphene indicate potentially promising applications 
in flexible electronics [8]. It shows unique electrical properties, such as an 
anomalous integer quantum Hall effect [4], Klein tunnelling [9], and spin-orbit 
coupling [10], which have not only created active interests in the field of 
physics, but also have the potential to lead to new kinds of functional 
devices. [11, 5, 12] People thus believe that graphene could be incorporated 
into both electronic and optoelectronic devices in the next few years [8]. 
Several techniques to synthesize graphene were developed shortly after 
the discovery of graphene, which have enabled the explosion of interest. In 
general, there are two main categories of approach to graphene synthesis: 
the top-down approach and the bottom-up approach [13, 14]. The top-down 
approach is to separate sheets of graphene from graphite by means of 
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mechanical exfoliation [3], chemical exfoliation [15], or electrochemical 
exfoliation [16]. The bottom-up approach treats carbon atoms as building 
blocks. Techniques falling into this category include chemical vapour 
deposition (CVD) [17], and epitaxial growth [18]. Graphene grown by CVD 
[19] is probably the most promising synthesis method for industrial-scale 
graphene production, since it produces large sheets of the material. 
In electronics, graphene has generated intense interest for use in high-
frequency transistors. By reducing the source-gate spacing [20] and the 
channel length [21], extremely high-frequency graphene resistors have been 
created.  Graphene transistors with operating frequencies beyond 100 GHz 
have been achieved [22, 23], while cut off-frequencies as high 1.4 THz cut-
off frequency may be reachable [21]. Furthermore, graphene transistors 
capable of logic operations have also been realized by opening a bandgap in 
the material [24]. On the other hand, the outstanding optical transparency, 
mechanical flexibility, and chemical durability have all enabled graphene to 
be proposed as an excellent material for flexible electronic devices, such as 
touch screens, and for e-paper [8]. In photonics, the wavelength-independent 
absorption of visible light [25], the Pauli blocking in infrared light [26], and the 
plasmonic properties for terahertz waves [27] all indicate that graphene is 
suitable for many applications, including controllable photonic devices [27], 
laser/THz generators [28], photodetectors [29], optical modulators [30] and 
polarization controllers [31].  
 4 
1.1.2 Metasurface 
Metamaterials are engineered materials composed of arrays of individual 
elements, which have attracted considerable interest due to their many 
extraordinary EM properties which do not easily exist in nature, including 
negative index of refraction, artificial magnetism, negative permittivity, and 
negative permeability [2, 32, 33, 34]. In 3D metamaterials, apart from the 
artificial EM properties, there are some additional loss and dispersion 
induced by the bulk materials used for constructing the metamaterials. 
Metasurfaces, which the term used for 2D metamaterials, can significantly 
suppress this kind of undesirable loss and dispersion owing to the 
subwavelength thickness in the wave propagation direction [35]. Many new 
applications are enabled by these new properties, including perfect lensing 
[36], sub-wavelength imaging [37] and sensing [38], unique optical controller 
[39], etc., are all being actively intensively researched, demonstrating they 
are promising materials for functional EM devices. 
The planar nature of metasurfaces means that they can be easily 
integrated with active functional materials and tuned by external stimuli. As 
mentioned earlier, graphene has excellent mechanical properties, and its 
carrier density and optical properties are tuneable by electrical gating, 
making it a suitable material to enable active metasurfaces [40, 35]. By 
tuning the optical conductivity of graphene which is located at the active 
region of metasurfaces, the resonant intensity [41, 42, 43, 44], frequency [45] 
and the polarization properties [46] of the metasurfaces can each be tuned 
over a wide range. On top of that, patterned graphene structures themselves 
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also exhibit resonant plasmonic responses [47, 48], and this additional light-
plasmon coupling suggests that graphene could change the properties of 
metamaterials not only because of conductivity modulation, but also because 
of the plasmonic effects. 
1.2 Outline of thesis 
This thesis discusses the interactions between high-frequency signals 
with the two 2D materials introduced above (graphene and metasurfaces), 
and demonstrates some potential applications based on them, including a 
high-sensitivity THz dielectric sensor, a graphene-based free-space THz-
pulse detector, a tunable THz polarizer, and a tunable (MHz – GHz) 
acoustoelectric current source. An outline of this thesis is as follows: 
Chapter 2 contains a discussion of the theoretical frameworks relevant to 
the project. Theories of the band-induced electronic properties of graphene 
are first briefly discussed. The terahertz properties of graphene, and the 
terahertz wave interaction with graphene metasurfaces are then introduced. 
Afterwards, surface acoustic wave induced carrier transport in graphene is 
discussed. 
Chapter 3 then goes on to discuss the key enabling technologies utilized 
and further developed in the course on my work, including the device 
fabrication routes, graphene identification and isolation, and experimental 
measurement techniques developed or adopted, and which are then used in 
the following chapters. 
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Chapter 4 demonstrates an enhancement to the sensitivity of split-ring 
resonators (SRRs) acting as terahertz dielectric sensors. By introducing 
localized etched trenches in the LC gap area of SRRs, the effective 
permittivity of the metamaterials is reduced. As a result, the THz response 
properties of the etched SRRs show a blue shift while their sensitivity for 
dielectric sensing is enhanced. These aspects are examined at length both in 
THz-TDS measurements and in simulations. 
In chapter 5 THz detectors and polarizers are examined based on the 
principle of graphene interacting with terahertz waves. A graphene bowtie 
photoconductive antenna enabling free-space terahertz wave detection is 
first fabricated, and its performance examined. Broadband tunable THz 
polarizers using the graphene-metasurface hybrid structures are then 
proposed and investigated.  These hybrid structures dramatically enhance 
the direction-dependent terahertz wave modulation, which is both 
theoretically discussed and experimentally demonstrated  
In the final experimental chapter (chapter 6), surface acoustic wave 
induced carriers transport in graphene channels is explored based on the 
acoustoelectric (AE) effect. Graphene AE devices working at up to GHz 
frequencies, and operating at low temperatures, tunable using gate voltages 
are realized. AE current induced by carrier localization behaviour in 
graphene nanoribbons is also observed. 
Conclusions of the research and possible future work leading on from the 
thesis are discussed in chapter 7. 
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Chapter 2  Theoretical background 
 
2.1 Chapter introduction 
This chapter discusses the theoretical framework relevant to this project. 
The general electronic properties of graphene are first introduced. 
Afterwards, the behavior of graphene’s interaction with two kinds of high-
frequency signals, terahertz waves and surface acoustic waves, are 
discussed. 
2.2 Electronics of graphene 
Strictly speaking, graphene is a single layer of carbon atoms densely 
packed into a lattice which is composed of benzene-ring-like structures [3]. 
This project focuses predominantly on the properties of this monolayer 
graphene.  
2.2.1 Bandstructure 
It is the four outermost electrons in a carbon atom which can participate 
in the formation of covalent chemical bonds. In graphene, three exterior 
electrons in each atom participate in forming in-plane σ-bonds (sp2 hybrid 
orbitals) with nearest-neighbouring atoms, whose bond energy is 615 kJ/mol, 
which is much stronger than the C-C bonds in diamond (345 kJ/mol), making 
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it one of the strongest films [11]. On the other hand, the electrons in 2pz 
orbitals, which are oriented perpendicular to the graphene plane, form 
delocalized  𝜋-bonds, which determine most of the electronic properties of 
graphene. [11] 
The energy band of graphene can be derived from the tight-binding 
Hamiltonian, which can be written as formula 2.1 when considering the 
electron hopping between the nearest- and next-nearest-neighbour atoms. 
[5, 49] 
𝐸±%𝑘'⃑ ) = ±t,3 + 𝑓%𝑘'⃑ ) − 𝑡′𝑓%𝑘'⃑ )                                    2.1 
with               𝑓%𝑘'⃑ ) = 2 cos%√3𝑘8𝑎) + 4 cos ;√<= 𝑘8𝑎> cos ;<= 𝑘?𝑎> 
where, a is the carbon-carbon distance; t and t’ are the hopping energy of 
nearest-neighbour and next-nearest-neighbour atoms, respectively; The plus 
sign applies to the 𝜋∗ (conduction) band and the minus sign applies to the 𝜋 
(valence) band. 
The band structure of graphene in reciprocal space can be obtained by 
solving the tight-binding Hamiltonian, as shown in Fig. 2.1. It can be seen 
that the conduction and valence bands meet at the points of 𝐾'⃑ = ;=B<C , =B<√<C> 
and 𝐾'⃑ ′ = ;=B<C , − =B<√<C> , which are named Dirac points or charge neutrality 
points, making graphene a gapless material.  
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Figure 2.1 Band structure of graphene calculated using tight-binding 
approach. Taken from Ref. [5] 
 
 Near the K and K’ points, the dispersion relation can be written as 
follows: 
E±(q'⃑ ) ≈ ±vK|q'⃑ | + O N;OP>=Q                                    2.2 
where, q is the momentum measured relatively to the Dirac points, and vF is 
Fermi velocity. If the hopping energy of next-nearest-neighbour atoms is 
zero, the second term of formula 2.2, O N;OP>=Q, is negligible. In that case, the 
dispersion relation of the graphene close to the K and K’ points is linear since 
the value of Fermi velocity is independent of the energy or momentum and 
takes a value of around 106 m/s calculated by 𝑣S = 3𝑡𝑎/2 . This linear-
dispersion relation can be well described by the 2D relativistic Dirac 
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equation, indicating charge carriers in graphene are massless Dirac 
Fermions, which has been experimentally demonstrated [4]. 
 
Figure 2.2 The geometry of (a) a zigzag ribbon and (b) an armchair ribbon, 
and the calculated band structure of (c) zigzag ribbons and (d) armchair 
ribbons of various widths. Taken from Ref. [50] 
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A band gap in graphene can be opened when the dimension of graphene 
is reduced. On the nanometer scale, the edge state becomes crucial for 
determining the electronic properties of graphene. In the “zigzag” edge (Fig. 
2.2(a)) state, the charge density is strongly localized, while in the “armchair” 
edge (Fig. 2.2(b)) state, no charge localized state appears [50]. These two 
different edge states produce different band structures, as shown in Fig. 
2.2(c) and (d), which shows the band structure of zigzag ribbons and 
armchair ribbons respectively. A band gap was seen in armchair 
nanoribbons with the condition of the number of dimer lines 𝑁 ≠ 3𝑀 − 1, 
where M is an integer [50]. It is notable that the width of ribbon affects the 
relative importance of the edge state and the orientation of ribbon affects the 
quantities of zigzag and armchair sites, both of which change the band gap 
as well as the band structure of graphene [50, 51]. 
On top of this bandstructure, the disorder at the ribbon edges in real 
devices introduces a further potential in graphene, making the band gap 
larger than for ideal graphene ribbons’ [52, 53, 54]. The band gap of 
graphene ribbons with rough edges is inversely proportional to the ribbon 
width, as has been experimentally demonstrated, as shown in Fig. 2.3 [55]. 
According to these measurements, the band gap of a graphene ribbon and 
the ribbon width followed the relationship 𝐸YCZ = 𝛼/(𝑊 −𝑊∗), where 𝐸YCZ 
was the energy of band gap, W was the width of ribbon, and 𝛼 and 𝑊∗ were 
fitting values obtained based on experimental data. Opening a band gap in 
graphene enables the realization of logic electronics and pinch-off of the 
current in graphene is then possible, thus also enabling quantum dots [56], 
for example, to be formed in the material.  
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Figure 2.3 Energy of graphene ribbons’ band gap as a function of ribbon 
width. Taken from Ref. [55] 
 
2.2.2 Electrical properties 
Graphene’s ambipolar behaviour is such that the charge carriers in it can 
be electrically tuned between electrons and holes [1]. Close to the Dirac 
point, the density of states per unit cell is given by 𝜌(𝐸) = =^_B |`|abc  [5, 57], 
where Ac is the unit cell area, calculated by 𝐴e = 3√3𝑎=/2 with 𝑎 ≈ 1.42Å 
being the carbon to carbon atomic distance. It can be clearly seen that the 
density of states vanishes when approaching the Dirac point, which makes 
the carrier density also approach zero. The carrier density in graphene can 
typically be tuned from 0 to ~1013 cm-2 for both electrons and holes [1]. 
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The transport mobility, µ, is an important parameter used to estimate the 
electronic quality of materials. The intrinsic electron-phonon scattering is the 
fundamental limit of charge carrier mobilities in perfect graphene, which limits 
the mobility of bulk graphene to be ~ 200 000 cm2/Vs at room temperature 
[58, 59]. Other factors, including charge impurities, microscopic ripples, 
remote interfacial phonon scattering from the substrate, will further reduce 
the mobility. Graphene obtained by exfoliation can produce perfect single 
crystals, whose mobility has reached up to 230 000 cm2/Vs, achieved in 
suspended graphene samples at 5 K [60], and 140 000 cm2/Vs achieved by 
placing graphene on a boron nitride substrate at room temperature [61]. The 
boron nitride acts as an excellent substrate for graphene owing to its 
atomically smooth surface and its similar lattice constant to graphene, which 
reduces the charge trapes and the scattering. The polycrystalline nature of 
CVD-grown graphene increases the scattering rate, which results in the 
mobility typical one order of magnitude lower than that in exfoliated 
graphene, peaking at ~23,000 cm2/Vs according to a wide range of 
experiments [62]. Interestingly, epitaxial graphene grown from decomposition 
of silicon carbide is heavily doped due to the charge transfer from the 
substrate, resulting in a strong metallic character though large electronic 
mobilities [5]. Up to now, the highest graphene mobility, exceeding 5, 000 
000 cm2/Vs, was achieved by using this kind of graphene with the 
dimensions smaller than the mean free path of carriers in it, in which case it 
acts as a ballistic conductor [63]. 
The Dirac like nature of the massless Dirac fermions in graphene results 
in the eigenenergies of Landau levels being 
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𝐸h = i2𝑒𝐵ℏ𝑣S=|𝑙|,				𝑙 = 0,±1,±2,⋯                        2.3 
where, e is the element charge, B is the magnetic field, and ℏ is reduced 
Planck constant. It can be seen that there is a Landau level existing at zero 
energy, resulting in the existence of a minimum conductivity value 
corresponding to the quantum unit of conductance even when carrier 
concentration tends to zero. On top of this, the Landau level structure results 
in an anomalous quantum Hall effect that the conductance plateaus occur at 
half-integer values of the quantum of conductance. [11, 4] These two 
properties were demonstrated through early measurements on Hall bars 
soon after the first isolation of graphene, as shown in Fig. 2.4.  
 
Figure 2.4 Quantum Hall effect for massless Dirac fermions in graphene 
measured by Hall bar method at B=14 T and T=4 K. Taken from Ref. [4] 
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2.3 Graphene’s interaction with terahertz waves 
2.3.1 The absorption spectrum of graphene 
 
Figure 2.5 (a) A typical absorption spectrum of doped graphene ranging from 
terahertz waves to visible light, (b) Illustration of the optical transition 
processes in different optical bands. Taken from Ref. [27] 
 
Graphene has a very broad optical absorption band, ranging from 
terahertz to visible wavelengths, as shown in Fig. 2.5(a) while the absorption 
mechanisms are dependent on a comparison of the energies between the 
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photons and the chemical potential, µ, as illustrated in Fig. 2.5(b) [27]. When 
the photon energy (𝜔ℏ ) is less than thermal energy (𝑘r𝑇 ), the optical 
transition occurs via intra-band processes, and the absorption of the photons 
shows a frequency-dependent nature, which decreases with the frequency 
increasing, as shown in Fig. 2.5. It can be seen that the terahertz wave 
absorption does not change the carrier density of graphene. For photons of 
higher frequency, though still smaller than 2µ, the absorption is generally 
attributed to disorder [64]. When the photon energies are larger than 2µ, 
direct inter-band processes occur, which generates electron-hole pairs. In 
that case, there graphene exhibits a constant absorption of 𝜋𝛼 ≈ 2.3% , 
where 𝛼 is the fine-structure constant, 1/137 [65, 26]. 
2.3.2 Terahertz response of graphene 
The optical conductivity of graphene in the terahertz band (0.1 - 10 THz) 
can be derived from Kubo’s formula [25], which is given by: 
𝜎vhwxC = 𝑖 zc/Bℏc{|v/} ∫ 𝑑𝜖(1 + Δ=/𝜖=)∆ × [𝑓(𝜖 − 𝐸S) + 𝑓(𝜖 + 𝐸S)]         2.4 
where, 𝑓(𝜖 − 𝐸S)  is the Fermi distribution function, 𝜏  is the momentum 
relaxation time caused by intra-band scattering, and 2Δ  is equal to the 
bandgap of graphene, which is zero in bulk graphene. The conductivity 
depends on the Fermi level which is tunable by electrical gating. In that 
case, photocurrents can be induced by a terahertz fields incident on the 
graphene, which has been experimentally demonstrated [66], showing 
promising potential for the fast room temperature detection of THz waves 
[67]. 
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The wavevector of plasmon in graphene at terahertz frequencies can be 
calculated by  [27]: 
𝑞(𝜔) = = {{b 𝑘(1 + 𝑖/𝜏𝜔)                                 2.5 
where, 𝜔S = 𝐸S/ℏ, 𝜔 is the frequency of plasmon and terahertz wave, 𝛼 =1/137 is the fine-structure constant, and 𝑘  is the wavevector of terahertz 
wave in free space. Given that (= {{b) can be calculated to be around 100 or 
larger., the plasmon wavevector in graphene is deduced to be two orders 
larger than the wavevector of terahertz wave in free space. Hence, THz 
wave can be coupled with graphene plasmons in graphene samples with 
dimensions much smaller than the THz wavelength, making it an attractive 
material for micro- THz devices. In graphene ribbons, plasmonic resonances 
occur for the conditions 𝑞 ≈ (2𝑛 + 1)𝜋/𝑊, where W is the width of ribbons. In 
that case, the plasmonic modes coupled into the graphene ribbons can be 
engineered, as has been experimentally demonstrated [68, 69]. 
2.3.3 Tuneable metasurfaces using graphene 
Metasurfaces (2D metamaterials) are artificial structures, which are 
patterned on a two-dimensional surface, possessing engineered EM 
properties that do not commonly exist in nature. Such structures pave the 
way for new applications since they permit electromagnetic wave 
manipulation; examples of such applications are shown in Fig. 2.6 [34]. The 
subwavelength structural design of typical metasurfaces induce changes of 
spatial distribution (amplitude and phase) of incident EM waves.  As a result 
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of that, new diffraction modes are created. The resulting reflection and 
refraction waves can be calculated by applying Fermat’s principle [70]. 
 
 
Figure 2.6 Possible applications produced from controlling and shaping 
electromagnetic waves using metasurfaces. Taken from Ref. [34] 
 
Early metasurfaces were made from noble metals, which cannot be tuned 
once fabricated [71].  By contrast, graphene can be easily tuned by electrical 
gating at room temperature, which suggests that by introducing graphene 
into metasurfaces, the metasurfaces can then become capable of the 
dynamical control of phase and amplitude of electromagnetic fields. For this 
reason,  graphene metasurfaces have received wide attention [41, 42, 43, 
44]. 
There are two general ways to introduce graphene into metasurfaces. 
The first is by the direct replacement of the metal elements by graphene 
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structures [47, 72, 73, 74]. Since the carrier density and the conductivity can 
both be electrically modulated as discussed above, metasurfaces made from 
graphene structures are promising for tunable THz devices [47]. On the other 
hand, when lasers illuminate graphene, the inter-band transition process 
(Fig. 2.5(b)) generates electron-hole pairs, indicating that this kind of 
graphene metasurfaces can also act as optical modulated device [73]. 
The other way to create tunable THz controllers is to make hybrid 
graphene / metal metasurfaces [44, 75, 43]. In such geometries, graphene is 
coupled to the location of enhanced fields of the metal metasurfaces, 
sometimes known as “hot spots”. Owing to the plasmon-induced local field 
enhancement through the graphene plasmon-THz wave coupling as 
discussed above, the graphene-metal hybrid structures can achieve large 
modulation of transmitted waves [44, 76]. 
2.4 Acoustoelectric effect in graphene 
2.4.1 Surface acoustic waves interact with two-dimensional electron system 
When a surface acoustic wave (SAW) propagates through a two-
dimensional electron system (2DES) which is much smaller than the SAW 
wavelength, momentum is transferred from the SAW to carriers in the 2DES, 
so resulting in SAW intensity attenuation and velocity change. These 
changes can be calculated using the following equations [77]: 
Γ = k Pc= /|(/)c                                            2.6 
 = Pc= |(/)c                                             2.7 
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where, σ  is the sheet conductivity of the 2DES, σ  is named critical 
conductivity defined by σ = 𝑣%𝜀Z + 𝜀) with 𝜀Z and 𝜀 being the permittivity 
of the materials below and above the 2DES, respectively. These relations 
have been experimentally demonstrated [77, 78]. According to equation 2.6, 
the attenuation is associated with the sheet conductivity of the 2DES, 
indicating that the interaction strength between SAWs and 2DES can be 
modulated by means of changing the doping level of the semiconductor. 
2.4.2 Acoustoelectric current in graphene 
The momentum transferred from the SAWs to 2DES accelerates the 
carriers, inducing a current flow in the 2DES, called acoustoelectric current. 
The acoustoelectric current density is given by [79, 80]: 
𝑗 = −𝜇𝑄 = −𝜇 ¢£a                                             2.8 
where, 𝜇 is the carrier mobility, Q is called phonon pressure, which can be 
calculated by 𝑄 = 𝐼Γ/𝑣 , with I the intensity of the SAW, Γ the attenuation 
obtained from formula 2.6, 𝑣  the SAW velocity. This theory can also be 
applied to graphene AE devices. 
According to formula 2.6, a peak value of attenuation should appears 
when σ = σ , also indicating a peak AE current generated when this 
condition is met [81]. According to formula 2.8, the AE current is proportional 
to the SAW intensity, in agreement with the experimental findings [82]. It is 
notable that the SAW acts as a moving periodic potential in the process of 
AE effect that effectively traps carrier in the 2DES traveling with it in its 
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“washboard” potential. In that case, the carriers are always transported in the 
same direction as the propagating direction of SAW, no matter whether the 
carriers are positively or negatively charged. Due to the ambipolar transport 
properties of graphene, both the amplitude and the direction of AE current in 
graphene can therefore in principle be tuned by electrical gating. Especially, 
in CVD grown graphene, a nonlinear relationship between the SAW intensity 
and the AE current was seen at low temperature when the SAW frequency 
was around 30 MHz or lower, as shown in Fig. 2.7 [83]. The reason is that 
the graphene’s conductivity is strongly affected by electron-hole charge 
puddles, and the percolation of thermally excited carriers over potential 
fluctuations in disorder sites played an important role in the conductivity [84]. 
SAWs with longer wavelength were more sensitive to the component of the 
conductivity caused by percolation, owing to their length scales then being 
more commensurate. 
Since many factors, such as photoexcitation [85], chemical doping [86], 
and temperature [87] will change the properties of graphene, inducing an 
change in the response of AE device consequently, graphene AE devices 
have the potential to operate as versatile sensors [88, 87, 86, 89]. 
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Figure 2.7 AE current generated by (a) 32 MHz and (b) 11 MHz SAW at low 
temperature as a function of SAW intensities. Taken from Ref. [83] 
 
2.5 Conclusion 
The theoretical background around this project was introduced. The 
theories of band structures and electronics of graphene were first briefly 
introduced in so far as they are needed later on. Then, the interactions 
between graphene and terahertz waves were discussed, including the carrier 
transition processes, conductivity and plasmons in bare graphene, which 
provides the basis for graphene THz devices such as THz detector and THz 
modulator (relevant to the researches in chapter 5).  After that, the principle 
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of metasurfaces (relevant to chapter 4) and especially tunable metasurfaces 
based on graphene (relevant to the graphene-metasurface hybrid THz 
polarizer in chapter 5) were introduced. Lastly, the principle of the 
acoustoelectric effect in graphene was discussed and some special features 
which make it different from conventional 2DES were discussed, which will 
be used in discussion within chapter 6. 
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Chapter 3  Key technologies used in this project 
 
3.1 Chapter introduction 
This chapter discusses some technologies that will be utilized in the 
following chapters, including: graphene transfer, Raman spectroscopy, 
terahertz time-domain spectroscopy, and surface acoustic wave delay lines. 
These works make a preparation for the device fabrication and data 
acquisition in the following chapters. 
3.2 Graphene transfer 
Graphene grown by chemical vapor deposition has been widely used for 
electronic applications owing to it being a reliable growth process, offering 
relatively large area coverage with good quality obtainable [90, 91]. Low-cost 
metals with low carbon solubility, such as copper (Cu) and nickel (Ni), are 
usually employed as substrates for growing graphene by CVD [92]. 
Comparing these two metals, Ni is more suitable for producing multi-layer 
graphene since it is an active catalyst for the decomposition of the 
hydrocarbon bond in the methane used for graphene film growth, while Cu is 
suitable for producing single-layer graphene owing to its weak catalytic 
action on methane [93]. On top of that, large-area graphene films on copper 
have been produced using the “roll-to-roll” method [19], making copper the 
most widely used metal substrate for commercial production of graphene 
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films. The graphene samples used in this project were CVD-grown single-
layer graphene on copper purchased from Graphene Supermarket. 
 
Figure 3.1 Procedure for transferring CVD grown graphene onto an arbitrary 
substrate, which was the internal recipe in our group developed by Nicholas 
Hunter. 
 
As shown in Fig. 3.1, and discussed in more detail in the following 
section, CVD grown graphene is typically transferred on to arbitrary substrate 
for device fabrication using the following six steps: (1) spin a polymer on to 
the graphene for protection,  (2) remove the graphene on the reverse side of 
the copper film, (3) etch the copper layer, (4) clean the graphene sample, (5) 
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transfer the graphene onto the target substrate, and (6) remove the assisted 
polymer film. This overall recipe, which was the internal recipe in our group 
developed by Nicholas Hunter, was used for fabricating all the graphene 
devices in this project. 
As shown in Fig. 3.1, the first step is to adhere assisted polymer layer on 
to the target graphene, with the aim of protecting the graphene during the 
process of transferal. Although some works have omitted this step [94], 
protection is still the standard procedure used for graphene transfer to 
increase the success rate. Several materials, including spin coated poly-
(methyl methacrylate) (PMMA) [95, 96], polydimethylsiloxane (PDMS) [97], 
and thermal release tape [98], have each shown good performances for 
graphene transfer. In this project, PMMA was utilized owing to the simplicity 
of coating and lack of residues left on the graphene [99]. 
After removing the backside graphene (which is extraneous to most 
experiments), using a gas plasma (step 2 in Fig. 3.1), the copper layer is 
then etched using a copper etching solution (step 3).  There are several 
optional solutions to choose from, including FeCl3, Fe(NO3)3, (NH4)2S2O8, 
and H2O2.aqua Regis.H2O. Compared with the first of these three solutions, 
H2O2.aqua Regis.H2O showed the fastest etching speed [100]. Step 4, 
cleaning, is aimed to remove residues underneath the graphene sample. 
Deionized (DI) water can be used for rinsing the polymer/graphene film, 
while, the “modified RCA (Radio Corporation of America) clean” methodology 
has demonstrated a better measure regarding improving the cleaning 
efficiency of metal contamination [101]. After this, the graphene sample then 
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floating on the surface of DI water is pulled up using the target substrate and 
left to rest for drying (step 5). These four steps should be performed with 
great care with care for the fragile graphene and copper films, to avoid 
unwanted residual material, wrinkles, and cracks appearing, all of which will 
significantly reduce the performance of the sample. 
The final step of the graphene transfer recipe is removal of the protection 
film (PMMA in our case). The most common method for removing PMMA is 
rinsing in acetone. However, this method can leave residues on the 
graphene, which causes carrier scattering so degrading the sample quality 
[102]. Some efforts have been made to enhance the removal of the PMMA, 
such as thermal annealing [96], double-PMMA-layer enhanced removal [99], 
and electron beam induced removal [103]. In this project, the double-PMMA-
layer method was used for bulk graphene device since it is easy to 
accomplish and suitable for large graphene samples; while the electron 
beam method was used for graphene nanoribbon devices since better quality 
electronic graphene samples could be obtained by using this method. 
3.3 Raman spectroscopy 
Raman spectroscopy is a powerful spectroscopic tool to characterize the 
interactions of electrons and phonons in graphene [104]. The Raman effect, 
named in honor of the discoverer [105],  refers to a scattering process in 
which the energy and momentum of photons incident on materials are 
different from those of the scattered photons. The differences depend on the 
bandstructure of the material. Raman spectroscopy is the spectroscopic 
technique based on the Raman effect, which identify the materials by 
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investigating the momentum or energy shift between incident photons and 
scattering photons. Several distinct peaks, referred to as the D, D’, G, G*, 
2D, 2D’, D+D’ peaks, may appear in the Raman spectra for graphene [106, 
107, 108, 109]. The G peak and 2D peak, locating at around 1580 cm-1 and 
2700 cm-1, respectively, constitute the characteristic spectra for graphene, 
whose position, shape, and relative intensity vary with the number of layers, 
and doping level. For single layer graphene, the intensity of 2D peak is 
significantly larger than the intensity of G peak. The defect-induced D peak is 
located at around 1350 cm-1, and it reflects the defects [110] and carrier 
density [111] in graphene. 
In this project, Raman spectroscopy was utilized to confirm the identity of 
graphene in devices. It is noted that the substrates chosen for devices may 
also possess Raman peaks in the range of 1200 cm-1 to 3000 cm-1, which 
will then affect the graphene spectra located in the same range. Quartz was 
used as the substrate for the graphene devices fabrication in chapter 5, while 
lithium niobate (LiNbO3) was used as the substrate for the graphene devices 
fabrication in chapter 6. In order to distinguish the Raman spectra on 
graphene in both cases, it was therefore sometimes necessary to record 
additional spectra of the uncoated substrates to perform background 
subtraction.   
Fig. 3.2(a) and (b) give the Raman measurement results of graphene 
samples on quartz and LiNbO3, respectively. The solid red lines are the 
Raman signals of the substrates. As can be seen, the Raman signal of 
quartz is much smaller than graphene’s, while the intensity of the Raman 
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spectra for LiNbO3 was comparable to that of graphene. In that case, the 
Raman spectra of graphene on quartz could be used directly as indicative of 
graphene’s signal, as shown in Fig 3.2(a), in which the signal of graphene 
and the signal of graphene/quartz overlapped. On the other hand, the signal 
of graphene located on LiNbO3 should be obtained by subtracting the 
graphene/LiNbO3 signal with LiNbO3’s signal (Fig 3.2(b)). The intensity of 2D 
peak was 2~3 times larger than the G peak, indicating that single-layer 
graphene was located in the area of the substrate tested.  
 
Figure 3.2 Raman spectra of graphene on the substrates of (a) Quartz and (b) 
LiNbO3, in which the graphene signal (grey line) was taken as the difference 
of the two experimental data (signals 1 and 2). 
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3.4 Terahertz time-domain spectroscopy 
Terahertz time-domain spectroscopy (THz-TDS) is a spectroscopic 
technique based on a femtosecond (fs) laser pumped THz pulse emitter and 
detector [112]. Various emitters and detectors have been utilised for THZ-
TDS, including those based on photoconductive (PC) antennae [113], 
electro-optical crystals [114], air plasmas [115], and the photo-Dember effect 
[116]. Both the real part and the imaginary part of materials’ frequency-
dependent optical constants in the THz band can be obtained simultaneously 
by THz-TDS without recourse to Kramers-Kronig analysis, meaning that 
THz-TDS is now widely used in many fields of physics, materials sciences, 
engineering, chemistry, and biomedicine [112, 117].  
Both THz pulse emitter and detectors used for the THz-TDS performed in 
the course of this project were based on low-temperature-grown gallium 
arsenide (LT-GaAs) PC antennas. A diagram of a typical THz-TDS system is 
shown in Fig. 3.3. A mode-locked Ti:sapphire laser operating at a 80 MHz 
repetition rate was used to provide 20 fs pulses with a central wavelength of 
800 nm. This laser was split into two beams by a beam-splitter, with one path 
then made to be incident on the THz emitter acting as the pump beam, while 
the second path was focused on to the THz detector (a second PC LT-GaAs 
structure) to act as the probe beam. Electron–hole pairs generated in the 
antenna gap area of the emitter by the incident photons were accelerated 
under the biased electric field, and, consequently, an electromagnetic wave 
was then generated by these accelerating charges. The carrier lifetime of the 
LT-GaAs is an important factor for determining the duration of the generated 
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EM wave, which is typically on sub-picosecond timescales. The THz pulses 
were then guided by off-axis parabolic mirrors into the antenna gap of the 
THz detector. When the detector was illuminated by the probe beam and 
THz wave at the same time, a current was generated owing to the 
photoexcited carriers accelerated by the THz electric field coincident with the 
probe fs laser, which is proportional to the amplitude of THz wave and could 
be record using a lock-in amplifier. By tuning the time-delay between the THz 
pulse and the probe using a retroreflector on a translation stage, the time-
resolved profile of the THz pulse was obtained.  This kind of THz-TDS setup 
with PC antennas as the THz generator and detector were taken for the THz 
experiments in chapter 4 and 5. 
 
Figure 3.3 Diagram of THz-TDS system based on the PC antenna THz 
emitter and detector. 
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Frequency-dependent information contained in the THz pulse can be 
obtained from these time-domain signals by using Fourier transformation. To 
obtain the THz response of samples, two THz time-domain traces are 
needed: one is obtained by the THz-TDS without sample in the beam path, 
(the “reference” THz signal), while the other is obtained by the same THz-
TDS but with a sample in the path of the THz beam, then named the “signal” 
THz pulse. The differences between these two pluses are determined by the 
THz properties of the sample, which can be obtained mathematically by 
comparing the frequency-domain information of the reference THz pulses 
and the signal THz pulses [112]. 
3.5 Surface acoustic wave delay lines 
Surface acoustic waves, which were first described by Lord Rayleigh in 
1885 [118], refer to a mode of acoustic propagation along the surface of 
elastic materials, and comprise both longitudinal and vertical shear 
components, whose amplitude decays exponentially with depth into the 
substrate. The generation of SAWs by electronic methods involves 
combining interdigitated transducers (IDTs) with piezoelectric crystals [119], 
which historically opened up a wide application fields for SAWs, including 
their use in filters [120], oscillators [121], and transformers [122]. 
The geometry of a typical IDT is shown in Fig. 3.4. The IDT is made from 
a highly conductive material, typically metal, though graphene has also been 
shown by our group to work too [123]. When an oscillating voltage is applied 
to the two electrodes of the IDT, an oscillating strain wave is applied to the 
substrate underneath owing to the piezoelectric effect, which launches SAWs 
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in both directions perpendicular to the fingers. The wavelength of the excited 
SAWs can be calculated by 𝜆¦^§ = 𝑣¦^§/𝑓 , with f the frequency of the 
oscillating voltage. If the wavelength of the IDT, λ as shown in Fig. 3.4, is 
equal to the wavelength of SAWs, 𝜆¦^§, every IDT finger is phase matched, 
with the intensity of their generated SAWs being efficiently superimposed. 
Because of this, the geometry of IDT should match with the frequency of the 
oscillating voltages. The detection of SAWs is the reverse process of 
generation based on similar considerations. 
 
Figure 3.4 Diagram of SAW delay line testing, in which the key parameters of 
the SAW device are illustrated. 
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The SAW delay lines were tested using a network analyzer (Agilent 
E8364B), with the testing system illustrated in Fig. 3.4. Coaxial cables were 
used to transmit the RF signals into and out of the network analyzer. The 
SAW delay lines were connected to the coaxial cables through SMA 
connectors, which were conducted with IDTs by ball bonding. Chip holders 
for MHz devices were PCB board as shown in Fig. 3.5(a), and for GHz 
devices were aluminium mounts as show in Fig. 3.5(b). 
 
Figure 3.5 (a) PCB board used for MHz SAW delay line measurements, (b) 
Aluminium mount used for GHz SAW delay line measurements. 
 35 
 
Figure 3.6 Microscopic images of IDTs with the wavelength of (a) 34.8 µm, 
(b) 116 µm, and (c) 17.6 µm. 
 
The fabrication of a SAW delay line, which contains two separate IDTs, 
follows standard microfabrication procedures. Optical lithography (OL), or 
named photolithography, was used for patterning the devices with operating 
frequencies below 500 MHz. The details of the recipe were as follows: 
Firstly, a layer of S1813 photoresist was spun on LiNbO3 at 4000 rpm for 40 
s and baked at 115 degree Celsius (℃) for 120 s. Then it was patterned 
employing OL, rinsed in the chlorobenzene for 2 min, and developed in 
MF319 for 1 min. After that, ohmic contacts were formed using Cr/Au (7nm / 
70 nm) using evaporator. Finally, the pattern was lifted off in acetone for 
more than 4 hours. Fig. 3.6 shows microscopic images of IDT fingers of the 
fabricated devices with the dimensions as shown in table 3.1, in which λ is 
SAW wavelength, W is the width of the acoustic aperture, L is the distance 
between two IDTs measured from the center of on IDT to the center of the 
other one, and Np is the number of electrode pairs, all of which were 
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illustrated in Fig. 3.4. According to the wavelength of the IDTs, the resonant 
frequency of the SAWs can be calculated; it is 114.8 MHz for device 1, 34.4 
MHz for device 2 and 227 MHz for device 3. 
 
Table 3.1 Parameters of SAW delay lines patterned using OL 
Parameters Device 1 Device 2 Device 3 
λ (μm) 34.8 116 17.6 
W (μm) 300 300 300 
L (mm) 1.8 2.1 2.7 
Np 13 10 40 
Theoretical 
fresonant (MHz) 
114.8 34.4 227.1 
Experimental 
fresonant (MHz) 
110.3 33.2 217 
Theoretical 
bandwidth (MHz) 
17.7 6.9 11.4 
Experimental 
bandwidth (MHz) 
18.1 5.3 10.6 
S12 (dB) -20.2 -38.5 -7.2 
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Figure 3.7 Response of SAW delay lines formed on lithium niobate of (a) 
device 1, (b) device 2, and (c) device 3. 
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The measurement results are shown in Fig. 3.7, in which S11 and S22 
are used to estimate the reflection properties of IDT1 and IDT2, respectively, 
and S12 and S21 are used to estimate the transmission properties from IDT1 
to IDT2 and from IDT2 to IDT1, respectively. The transmittance insertion 
loss, S21 and S12, for device 1 at the resonant frequency was -20.2 dB. The 
central frequency was 110.3 MHz, similar to the theoretical expectation 
(114.8 MHz). The insertion loss for device 2 was -38.5 dB at the frequency of 
33.2 MHz, which was close to the calculated value 34.4 MHz. The higher 
loss in device 2 was accounted for by its larger divergence angle, caused by 
diffraction induced by the longer wavelength [124]. The transmission S21 of 
device 3 at the resonant frequency was -7.2 dB and the central frequency is 
217 MHz, comparing well with the theoretical value of 227.1 MHz. 
The form of the transmission versus frequency showed the characteristic 
sin(x)/x behavior typical of SAW transducers [125]. The bandwidth of the 
SAW delay lines, as illustrated in Fig. 3.7, can be calculated by 𝐵𝑊 =(2 ∙ 𝑓)/𝑁Z, where f is the central frequency of IDT, and Np is the number of 
finger pairs. Thus, the bandwidth of these three devices was calculated to be 
17.7 MHz, 6.9 MHz, and 11.4 MHz, respectively. The experimental results of 
the minimum-to-minimum bandwidth of these three devices were 18.1 MHz, 
5.3 MHz, and 10.6 MHz, respectively, close to the theoretical predictions. 
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Figure 3.8 EBL dose test for 4 μm-wavelength IDTs by using the resist layer 
of (a) 200 nm PMMA (950K A4), (b) 500 nm PMMA (495K A8), (c) 100 nm 
50% diluted MMA / 200 PMMA (A4), and (d) 500 nm MMA / 200 nm PMMA 
(A4). 
 
For patterning devices with operation frequencies higher than 500 MHz, 
electron beam lithography (EBL) was needed since the finger width of IDTs 
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was smaller than 2 μm, which surpassed the resolution of the OL techniques 
being used. Dose tests were needed before fabrication of real devices since 
the dose varies with the dimensions, substrate and resist chosen. Fig. 3.8 
shows a typical dose test used for the fabrication SAW delay line with 4 μm 
wavelength (1 μm finger width) on LiNbO3. By comparing the patterning 
quality and considering the lift-off, the 500 nm PMMA (495K A8) with the 
exposure dose of 250 μAs/cm2 was chosen for subsequent device 
fabrication. 
 
Figure 3.9 (a) Micrograph of fabricated ~1 GHz IDT, where the upper frame 
is an overview of the IDT, and the under frame is a closeup view of the 
fingers. (b) The response of the 4 μm-wavelength SAW delay line. 
 
Images of fabricated 4 μm-wavelength IDTs are shown in Fig 3.9(a), 
which were then tested using a network analyzer obtaining the results shown 
in Fig. 3.9(b). The peak transmittance (insertion loss) of this device at its 
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resonant frequency was found to be -27.15 dB. The central frequency was 
918 MHz, which was similar to the theoretically calculated results, 910 MHz. 
The number of finger pairs Np of this device was 100, determining the 
theoretical minimum-to-minimum bandwidth to be 18.2 MHz, which was 
agreed well with the experimental value of ~17.8 MHz. 
3.6 Conclusion 
Key technologies that will be utilized in the following chapters were 
discussed. A graphene transfer method was chosen and shown to produce 
single-layer graphene. The identification of graphene layers on piezoelectric 
substrates using Raman spectroscopy was discussed. THz-TDS systems 
used in chapter 4 and 5 were introduced. Techniques for SAW delay-line 
fabrication and testing were examined. These measurements and techniques 
provide the preparations for the research discussed in the following chapters. 
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Chapter 4  Increasing the sensitivity of THz 
metamaterials for dielectric sensing 
 
4.1 Chapter introduction 
Metamaterials are composed from artificial subwavelength elements, 
referred to as “meta-atoms”, arranged into periodic or quasi-periodic 
structures, whose interaction with electromagnetic waves can be tuned 
through their geometry [126, 127, 128, 129, 130, 131]. Substances placed on 
or near metamaterials dominate the interaction between EM waves and the 
metamaterials. On top of that, by engineering the geometry of the 
metamaterials, physical quantities such as the components of electric field or 
magnetic field that the metamaterials are sensitive to and the operating 
frequency can be determined, allowing sensing applications to be developed 
[132, 133]. Metamaterial absorbers, meaning the metamaterials that have 
significant resonant absorption frequencies on EM waves, are potentially 
useful in sensing applications, since a strong and easy-measurable signal 
can be produced owing to the strong resonances between the meta-atoms 
and the EM waves [134]. Various resonances such as the inductive-
capacitive (LC) resonance [135, 136], dipole resonance [137], and quadruple 
resonance [138] can be employed for the elements designs, whereby surface 
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current modes are strongly excited on interaction with the incident 
electromagnetic radiation. 
Split-ring resonators, which have received particular attention [139, 140, 
141], are particularly attractive in the context of sensing applications since 
the presence of dielectric materials in the gap area directly induces an 
absorption frequency shift [142, 143, 144, 145]. The resonant frequency of 
the LC resonance in SRRs can be described by 1/2𝜋√𝐿𝐶, where C is the 
capacitance of the gap and L is the inductance of the ring [146, 147]. The 
effect of various geometrical parameters, including gap width, metal 
thickness, and substrate index on dielectric sensing using THz metamaterials 
have been explored in some detail [148, 149, 150]. Recent examples of 
sensing using SRR arrays include the detection of low-density 
nano/microscale microorganisms [126, 151].  
A noteworthy enhancement of the sensitivity was recently obtained by 
substituting high-index substrate materials (such as silicon) for lower-index 
materials (such as quartz) [151]. We could take the formula 𝑓 = 1/2𝜋√𝐿𝐶 to 
understand the sensitivity enhancement. The capacitance can be calculated 
by 𝐶 = 𝜀z¬¬𝐴/𝑑, where A is the area of the capacitor’s two plates and d is the 
distance between them. Effective dielectric constant can be calculated by 𝜀z¬¬­∙®¯°®±²±³|´∙¯µ , in which 𝛼  and 𝛽  are constant depending on the 
geometry of the metamaterials, 𝜀·¸wxCwz  is the dielectric constant of the 
substrate, and 𝜀·Z  is the dielectric constant of the materials on top of the 
substrate. In order to act as dielectric sensor, what we would obtain is the 
frequency shift between the resonant frequencies when the upper materials 
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are air and measured materials, respectively. Take 𝑓Cvx and 𝑓¹CwzxvCº are the 
resonant frequency without measured material and with material, 
respectively, thus, 𝑓Cvx= − 𝑓¹CwzxvCº= = »¼Bc½^ ∙´∙¾²±³¿²ÀÁ´∙²¿(∙®¯°®±²±³|´∙²¿)∙(∙®¯°®±²±³|´∙¾²±³¿²À) , from which we can see that a lower 
substrate index, 𝜀·¸wxCwz, leads to a larger frequency shift. 
Based on the analysis above, an effective method to enhance the 
sensitivity is to reduce the substrate’s index. Our idea is to introduce a trench 
structure in the capacitor area of the metamaterials, which means we replace 
the high-index substrate material with low-index air, which would significant 
improve the sensitivity of the metamaterials.  
In this chapter localized etched trenches in the LC gap area of SRRs 
were introduced to enhance the sensitivity of the SRRs acting as terahertz 
dielectric sensors. The reason to etch the substrate in the capacitor area is 
that the dielectric constant used in formula 𝐶 = 𝜀z¬¬𝐴/𝑑  is the effective 
dielectric constant between the two plates. The whole LC gap would be 
etched to obtain significant sensitivity enhancement. Different etching depth 
would be tested to reveal the rule of sensitivity changing. After carefully 
design and reactive ion etching (RIE), THz SRRs with various depths of 
trenches were tested using a transmittance THz-TDS setup. The THz 
response properties of the etched SRRs were first measured, and then the 
sensitivity enhancement produced by the etching to overlaid dielectric 
materials was examined both through experiments and in simulations.  It is 
demonstrated that a sensitivity enhancement by a factor of up to ~2.7 times 
can be obtained, and the mechanism for the enhancement is discussed. 
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4.2 Experimental methods 
4.2.1 SRRs design and fabrication 
A schematic diagram of the metamaterial arrays incorporating the etched 
regions, along with the periodicity of the unit cells is shown in Fig. 4.1(a). The 
metamaterials are designed to be split-ring resonators structures, employing 
a metal track width of 4 μm, with outer element dimensions of 36 μm × 36 
μm, and periods of 50 μm in orthogonal directions; the LC gap size was 
chosen to be 2.7 μm. As discussed later, this choice of geometry produced a 
strong LC resonance at ~0.79 THz before etching. The etched region was 
located in the LC gap area and in the center of each SRR element, with the 
width confined by the LC gap (2.7 μm), and length to 20 μm. The actual 
etched region was slightly larger than the designed value (Fig. 4.1b) owing to 
the OL error and the characteristics of RIE etching. 
Fig. 4.1(b) and (c) show scanning electron microscopy (SEM) and optical 
microscope images respectively of one element and an overview of the 
array. All metamaterial patterns were prepared using direct-write DLP laser 
lithography (MLA150, Heidelberg Instruments) on a high-resistivity (>10,000 
Ω·cm) undoped (100) silicon substrate with a thickness of 525 μm. Ti (10 
nm) and Au (100 nm) metal layers deposited by electron-beam evaporation 
defined the THz SRR arrays. After that, the LC gap area was etched using a 
dry etching method, details of which are described in section 4.2.2. 
Dimensions of fabricated SRRs were measured, illustrated in Fig. 4.1(b) and 
(c), which were utilized for the simulations in the following sections. 
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Figure 4.1 (a) Schematic of THz metamaterials arrays with trenches. (b) An 
SEM image of the SRR element. (c) An optical image of the SRR arrays. 
 
4.2.2 Localized silicon substrate etching 
To explore the optimal way to etch the substrate, two techniques, wet 
etching using KOH etchant and dry etching using RIE, were investigated 
here. Based on these experimental studies, the dry etching method was 
ultimately determined to be a better choice for this research. 
KOH solution is one of the most widely used etchants for silicon etching, 
owing to its ease of use and fast etching rate [152, 153]. The KOH etchant 
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was prepared by mixing KOH tablets (Merck) into DI water, while stirring until 
the tablets dissolved. The solution was then warmed on a hot plate. The 
temperature and concentration both then affected the etching rate, which 
was measured as shown in table 4.1. The concentration by weight was 
determined and controlled in the process of preparing the solutions, while the 
temperature was measured directly using a thermometer. The experimental 
data show that the etching rate goes up with as temperature increases while, 
for highly concentred KOH solution, higher concentration results in lower 
etching rate, which agrees with previous research [154, 155]. 
 
Table 4.1 Silicon etching rate in KOH solutions of different concentrations at 
different temperatures 
KOH 20% 30% 40% 50% 
21 °C 0.022 µm/min 0.017 µm/min 0.011 µm/min 0.005 µm/min 
36 °C 0.116 µm/min 0.079 µm/min 0.067 µm/min 0.052 µm/min 
60 °C 0.660 µm/min 0.634 µm/min 0.539 µm/min 0.379 µm/min 
 
Two reasons ultimately determined that KOH etchant was not best suited 
for the localized etching in this research. Firstly, the anisotropic nature of the 
etch produces a trench with sidewalls at an angle of ~54.7o angle to the 
(100) surface [156, 157], as illustrated in Fig. 4.2(a), limiting the etch depth 
that could be obtained. To confirm this, the profile of etched trench edges on 
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(100) silicon patterned using large etch windows was directly measured by a 
surface profiler (Alpha-Step IQ, KLA-Tencor), obtaining a ~ 56o angle 
between the substrate surface and the etch edge, as shown in Fig. 4.2(b). 
The 1.3o difference between the theoretical value and the measurement 
value probably arose came from systematic error in the profiler, and / or 
impurities on the substrate that affected the etching.  Because of this, the 
dimension of etching window limits the trench depth to the maximum value of 𝐷¹C? = tan 54.7° ∙ 𝑤/2 , with w the width of etching window, as observed in 
silicon samples patterned by small etching windows (Fig. 4.2(c)). For the 
SRR designs in this research, the LC gap was 2.7 µm wide, limiting the 
maximum etching depth to around 1.9 µm, which was not sufficient for this 
study. Secondly, the materials used to pattern the etch masks have to be 
thoroughly removed without negatively influencing the devices in case they 
affected the dielectric sensing, which proved difficult for strong KOH. Some 
inert materials, such as SiO2 [158] and gold [159], can be used as masks to 
protect the substrate from KOH etching, but these are hard to remove 
entirely while keeping the metamaterials unchanged. Aluminum or chromium 
are sometimes used as fast KOH etching masks [160], but they are not good 
enough in this case, as shown in Figure 4.2 (d), in which silicon at the 
locations adjacent to the gold tracks of SRRs were etched due to pinhole 
effects. Based on the discussion above, a more suitable silicon etching 
technique was thought to be needed.  
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Figure 4.2 (a) Schematic of anisotropic wet etch on (100) silicon. (b) Profile 
of trench edge in (100) silicon etched by KOH solution. (c) An SEM image of 
V trench in narrow window confined (100) silicon etched by KOH solution. (d) 
An SEM image of chromium protected metamaterial after KOH etching. 
 
Reactive ion etching is an alternative technique for silicon etching 
capable or obtaining high aspect ratios [161, 162], while allowing easier 
protection of the substrate using standard positive photoresists, (such as 
Shipley S1813 or Micro Chemicals Corp AZ9260), making it a potentially 
promising candidate technique for silicon etching in this research. S1813 was 
used for trench depths < 5 µm, while AZ9260 was used for trench depths > 
7.4 µm; both were first spin-coated and then patterned by photolithography 
into an etch mask. The RIE chamber was then prepared by applying 50 W 
RF bias onto a gas mixture of 30 sccm SF6 and 20 sccm O2 for 3 mins 
before the etching process; a 2-inch silicon wafer was loaded in the system 
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for this. The pretreatment aims to prepare the inner wall conditions of the 
chamber ensuring a stable etching.  After that, metamaterials with 
photoresist masks were etched using the same RIE parameters as used for 
the chamber pretreatment; this resulted in an etching rate of 210 nm/min 
according to calibration using SEM measurements. SRR arrays were 
successfully fabricated with trench depths up to 7.4 µm by adjusting the 
etching time.  
 
Figure 4.3 Cross-section SEM images of the SRRs with various trench 
depths obtained by RIE. 
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Cross-sectional SEM images of etched trenches with various depths from 
130 nm to 7.4 µm are shown in Fig. 4.3. Significant and repeatable resonant 
frequency shifts along with the desired sensitivity enhancement were seen in 
the following measurements, indicating that RIE is a good technique for 
silicon etching in this research. 
4.2.3 Data acquisition 
Terahertz TDS was used to test the performance enhancement of the 
etched SRRs dielectric sensors. Fig. 4.4(a) shows a schematic diagram of 
the metamaterial chips undergoing pulsed THz measurements along with the 
polarization direction of the incident THz waves. The PC THz emitter and 
detector were each comprised a two µm-thick layer of LT-GaAs transferred 
on to a five mm-thick quartz substrate, fabricated using an epitaxial lift-off 
method [163] (noting that these were fabricated by Dr David Bacon in our 
research group). THz pulses generated from the PC antenna were focused 
on to the surface of the metamaterials, with a spot size of ~ 1.2 mm2 
measured using knife-edge method (Fig. 4.4(b)), which illuminated ~ 480 
SRR elements. Pulses obtained in transmission through the array (Fig. 
4.4(c)) were fast Fourier transformed (Fig. 4.4(d)) and then normalized to 
reference traces obtained from an unpatterned silicon substrate. In Fig. 
4.4(d), two different resonant modes are observed. The LC resonance 
introduces a narrow absorption feature at a frequency below 1 THz, which 
can be highly modulated by etching the LC gap areas of the metamaterial. 
By contrast, the dipole resonance produces a broad absorption feature 
peaking at around 2 THz, the frequency of which is determined by the 
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dimension of the outer frame of the SRRs and which does not change for the 
trench depth in gap areas. 
 
Figure 4.4 (a) Schematic of the THz transmission experiment for dielectric 
sensing using etched metamaterials. (b) Profile of THz spot incident on 
SRRs, obtained by translating a knife-edge across the focal spot. (c) Time 
domain, and (d) Frequency domain spectra of the SRRs signal and reference.  
 
4.3 Localized etch trenches induced properties change of the SRRs 
4.3.1 Effective permittivity decrease 
To understand the effect of the etched trench structures on the effective 
dielectric permittivity, finite-element simulations were performed to 
investigate the electric distribution near the gap area, using commercial 
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software (Ansys High Frequency Structure Simulator, HFSS). A linearly 
polarized incident THz plane wave and periodic boundary conditions around 
a single unit cell were chosen, which provided a suitable simulation of our 
SRRs. The SRR itself was considered as a perfect sheet conductor with the 
sheet conductivity being set as 107 S, while 11.8 (±0.1) was used for the 
silicon permittivity, as previously obtained using conventional THz-TDS 
methods [164]; the trench depth chosen was 7.4 µm. 
Shifts in the distribution of the electric field were seen near the gap area 
both in the transverse and in the vertical directions when THz pulses were 
incident on the metamaterials. Fig. 4.5(a) and (b) show the 2D electric field 
distribution in the SRR element area along the x-y plane (at z=0) for 
metamaterials both without and with the etched trench structures, 
respectively. The electric field magnitude in the gap area was significantly 
decreased when the trench structures were introduced, which can be seen 
by comparing Fig. 4.5(a) and Fig. 4.5(b). The decrease of field magnitude is 
owing to the reduction of the capacitance of the gap structure, which is 
proportional to the effective dielectric permittivity of the gap, indicating a 
decrease of effective dielectric permittivity. To further confirm the change of 
effective permittivity, the electric field distribution along the z-axis (at x=0 and 
y=0) is plotted in Fig. 4.5(c), where the solid black line represents the electric 
field distribution of unetched metamaterials while the dashed red line 
represents the distribution of 7.4 µm etched metamaterials. Clearly, the 
decay length of the electric field magnitude in the substrate region (z<0) is 
larger for the etched trench metamaterials, which illustrates a smaller 
effective permittivity of etched metamaterials. The simulations also reveal a 
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slight shift down to the substrate direction (~ 200 nm) in the position of the 
maximum electric field magnitude (inset to Fig. 4.5(c)) as expected since the 
trench structure replaces a portion of the substrate by air. 
 
Figure 4.5 Field distribution near the metamaterials surface (at z = 0) for (a) 
normal metamaterials and (b) etched metamaterials. (c) LHS cross-section of 
the interface between silicon and air. RHS The electric field line profile near 
the center of the gap structure along the z-axis. Inset: Close-up view of the 
electric field line profile near the air-substrate. 
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4.3.2 Resonant frequency blueshift 
The frequency of the LC resonance depends strongly on the effective 
dielectric permittivity in the gap area which can be expressed as a 
combination of the air and the substrate refractive index [165]. The LC 
resonant frequency can be expressed by 𝑓 = 𝑓(𝜀/𝜀ÈÉÉ)ÁÊc, where 𝜀ÈÉÉ is the 
effective permittivity in the gap area, 𝑓 is the resonant frequency when the 
permittivity is 𝜀 and the relation between them two depends on the geometry 
of the SRRs [142, 150]. Thus, by reducing the effective permittivity, a 
blueshift of the resonant frequency is expected. 
The change of THz transmission spectra of the SRR arrays owing to 
the trench structures induced effective permittivity change, was 
demonstrated by comparing devices without trench structures and with 3.4-
μm-deep trench structures, as shown in Fig. 4.6(a) and (b), which were 
obtained by experiments and simulations, respectively. In simulations, a 
trapezoid cross-section was used for modeling the sloped sidewalls of the 
etch trench as observed in the SEM images to better approximate the 
structure used in the experiments. In Fig. 4.6, the solid black line shows the 
transmission of SRRs without etching trenches, while the dashed red line 
gives the transmission of SRRs with 3.4 µm of etching trenches, where the 
position of the valley transmission value is the LC resonant frequency. A 
blueshift in resonant frequency of 116 GHz (from 788 GHz to 904 GHz) with 
an error of ±0.6 GHz in the experiments and 110 GHz (from 794 GHz to 904 
GHz) with an error of ±4 GHz in the simulations was observed. The Q-factor 
of the LC resonance decreased from 7.8 to 5.3 with the introduction of the 
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trenches owing to the decrease in the capacitance, which reduces the 
confinement effect of the LC circuit to the electromagnetic wave. 
 
Figure 4.6 THz transmission spectra of the metamaterials with and without 
the trench structure in the (a) experiment and (b) simulation. The dots in (a) 
are the raw data. (c) The resonant frequency of the metamaterials without 
the trench structure as a function of the number n of padded-zeros in the 
Fourier transform, showing convergence to a single value of f for large 
enough n. 
 
The experimental error was estimated from the residual spread in the 
resonant frequency of zero-padded data. Numerically, the frequency 
resolution (uncertainty) of a spectrum obtained by FFT of a time-domain 
signal depends on the time delay of the signal. Zero-padded method 
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numerically makes the time delay longer, which could suppress the 
frequency uncertainty caused by the numerical calculation, as shown in Fig. 
4.6(c). The number of zero used in this chapter was 2.4 × 10Ë, resulting in 
the error of about 0.6 GHz. The error in the simulation results from the 
experimental error in the dielectric constant of the silicon substrate. The 
silicon dielectric constant was taken as 11.8 ± 0.1, which we obtained using 
conventional THz-TDS methods. We first measured both the amplitudes and 
phases of the transmitted THz pulse through the silicon substrate and 
calculated the dielectric constant of the silicon substrate using the measured 
phase and substrate thickness. The error of 0.1 quoted here in the silicon 
dielectric constant arises from our estimate of error in the silicon substrate 
thickness. This error of dielectric constant, which was utilized for the 
simulation, induced an error of simulated resonant frequency. 
To provide further insight, the resonant frequency with respect to 
etching depths was investigated, both in experiments and in simulations. Fig. 
4.7 shows the resonant frequency of the etched metamaterials as a function 
of the trench depth, in which the squares are the collected data in 
experiments (black), and simulations (red) and the dashed lines are the 
exponential fitting curves of them. An exponential fitting was used because 
the electric field decayed exponentially as the position away from the surface 
of the substrate, which was shown in the simulation results in Fig. 4.5(c). 
Both fitting curves were obtained using the auto fitting function of Matlab by 
the equation of f(x) = a ∙ exp(−𝑏 ∙ 𝑥) + c. For experimental data, the fitting 
parameters of a, b, and c were -0.1865, 0.2948, and 0.9752, respectively, 
with the confidence intervals of (-0.1957, -0.1774), (0.2627, 0.3269), and 
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(0.9654, 0.985), respectively. For simulation data, the fitting parameters were 
-0.1699, 0.3193, and 0.9639, respectively, with the confidence intervals of (-
0.1763, -0.1635), (0.2863, 0.3523), and (0.9581, 0.9696), respectively. 
 
Figure 4.7 The resonant frequency of metamaterials as a function of trench 
depth in the experiment and simulation. 
 
The resonant frequency of the metamaterials is seen to gradually 
increase with the etching depth. The deepest trench depth reliably obtained 
in this research was ~7.4 μm, limited by the anisotropy of the RIE method, 
which produced increasingly angled side walls as shown in Fig. 4.3. The 
experimental findings are in excellent agreement with the predictions of the 
simulation values, although small systematic deviations (of order a few GHz, 
or ~0.5%) were observed. These deviations likely arise from the limited 
spatial resolution of the lithographic techniques being used and / or the 
simplification of the shape of the trench cross-section to a trapezoid in the 
simulation. The positive correlation between the resonant frequency of 
metamaterials and the etching depth supports our previously stated 
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assumption that the effective dielectric permittivity decreases with increasing 
depth of the etched trenches. 
The resonant frequency of metamaterials with trench depth deeper than 
7.4 μm was also simulated, and the resonant frequency shift was found to 
progressively saturate at about 970 GHz for large trench depths. The reason 
for the saturation behavior is that the evanescent field in the gap area is 
highly confined near the surface (within ~ 10 μm) [148], resulting in gradually 
vanishing interaction between the resonant THz wave and the substrate as 
the position going deeper. 
4.4 Localized etch trenches induced dielectric sensitivity enhancement of the 
SRRs 
4.4.1 Increase of dielectric induced frequency shift 
A well-characterized dielectric material, S1813 [166, 167], was then 
applied to the SRR arrays in order to investigate the effect of the etched 
trenches on the sensitivity. To accurately obtain the dielectric constant of 
S1813 for use in the simulation, the relationship, 𝜀Ò = 25.06 ⋅ Δ𝑓ÕÖ/𝑓 + 1, 
was used, where 𝜀Ò is the relative dielectric constant of the target materials, 
and ∆𝑓ÕÖ  the saturated resonant frequency of the SRRs without etching 
obtained with the deposition of a dielectric over-layer thicker than 15 μm 
[168]. Here, the size of the saturated resonant frequency shift, Δ𝑓ÕÖ, can be 
described by Δ𝑓ÕÖ/𝑓 ≈ 𝛼(𝜀×Ø< − 𝜀ÕÙÒ)/𝜀ÈÉÉ , where 𝛼  is the sensitivity 
coefficient determined by the geometry of the metamaterials, 𝜀×Ø<  is the 
dielectric constant of S1813, and 𝜀ÕÙÒ is the dielectric constant of air [168]. 
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Based on the experimental data, 𝑓 = 789	𝐺𝐻𝑧  and Δ𝑓ÕÖ = 62	𝐺𝐻𝑧 , the 
dielectric constant of S1813 was obtained to be 2.97 with an error of ±0.16 
arising from the fitting error of frequency being used for calculation.   
The terahertz transmission spectra of the THz SRR arrays with various 
etch trench depths and various thicknesses of spin-coated S1813 were 
obtained. Fig. 4.8(a) shows an experimental example of THz transmission 
properties of the “normal” SRRs (black curves) and etched SRRs with 3.4 
μm deep trench structures (red curves), both with (dashed lines) and without 
(solid lines) the deposition of a 3.5 μm thick S1813 layer. The measured 
resonant frequencies of both normal SRRs and etched SRRs showed a 
redshift after coating with S1813 layers, and the size of the frequency shift 
obtained from the device with 3.4 μm deep trench structures was 86 GHz 
±1.2 GHz, which increased by a factor of ~two times compared with that of 
the standard SRR device, 40 GHz ± 1.2 GHz. Simulation results, as shown in 
Fig. 4.8(b), were in good agreement with the experimental results when the 
same parameters as the experiments being taken in the simulation. The 
results indicate that trench structures in the SRR device enlarge the size of 
the frequency shift with the equal quantities of dielectric materials being 
introduced. 
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Figure 4.8 THz transmission of traditional SRRs and the SRRs with 3.4 μm 
depth trench structures, both with and without coating 3.5 μm S1813 layer in 
(a) experiment and (b) simulation. The dots in (a) are the raw data. 
 
  
Figure 4.9 The resonant frequency shift of the SRRs coated thick resist 
layers as a function of the trench depth in experiment and simulation. 
 
Deeper trench depth results in a lower overall effective dielectric 
permittivity, which consequently induces a larger resonant frequency shift 
caused by the introduction of the same quantities of overlaid dielectric 
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materials. To confirm this, thick (>15 μm) S1813 overlayers were spin-coated 
on SRR devices with various depths of trench structures, and the saturated 
frequency shifts, Δfsat, were obtained and plotted in Fig. 4.9, where the 
squares are the data obtained from experiments (black) and simulations 
(red), and the dashed lines are the exponential fitting curves. The simulation 
results are in good agreement with the experimental findings taking into 
account the size of the errors discussed above. The increase of the resonant 
frequency shift was observed as the depth of the trench structures increased, 
from ~60 GHz in normal SRRs to ~120 GHz in 7.4 μm etched SRRs. The 
positive correlation between the frequency shift and the etching depth 
indicates the effectiveness of the performance enhancement of 
metamaterials acting as dielectric sensors by introducing the localized 
etching trenches in the LC gap areas. 
 
4.4.2 Enhancement of dielectric sensitivity 
Here, the ratio between the shift of the resonant frequency and the 
thickness of the overlaid S1813 layer is applied to analyze the sensitivity 
enhancement of the etched metamaterials. The ratio should be constant 
when a sensor works in its linear region.  
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Figure 4.10 Resonant frequency shift as a function of hS1813 for various 
trench depths in the range of (a) 0 – 3.4 μm in experiments and (b) 0 – 30 
μm in simulations. 
 
To investigate the sensitivity, the relationships between the frequency 
shift and the thickness of S1813 layer in each device were firstly obtained in 
experiment and simulation. The frequency shifts as a function of the 
thickness of S1813 coated on devices under three etching conditions: un-
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etched, with a shallow trench (0.33 μm), and with a deep trench (3.4 μm), are 
plotted in Fig. 4.10(a) and (b), obtained by experiments and simulations, 
respectively. In these two figures, blue circles, red squares and yellow 
diamonds give the data of the unetched device, the device with 0.33 µm 
etching depth and the device with 3.4 µm etching depth, respectively. 
Furthermore, a simulation of the metamaterials with a deeper trench depth 
(30 µm) was made and shown in Fig. 4.10(b) by green triangles. The fitting 
curves for all the data are plotted as dashed lines with the same colors as 
the discrete data. As can be seen, the frequency shifts experience a fast, 
linear increase as a function of the thickness of S1813 layers in the smaller 
layer thickness region, and then gradually saturate to a specific value in the 
larger layer thickness region. In that case, the sensitivity of the device is 
reasonably extracted from the initial slopes of the Δf – hS1813 curves in the 
linear region (hS1813 < 2 µm). 
The sensitivities extracted by dividing the initial slopes of the Δf – hS1813 
curves in Fig. 4.10 by the refractive index are shown in Fig. 4.11. The 
sensitivity is enhanced by a factor of ~2.7 through the introduction of a 3.4-
μm-deep trench, from 4.28 × 10−2 GHz/nm to 11.61 × 10−2 GHz/nm in 
experiments and from 3.51 × 10−2 GHz/nm to 10.42 × 10−2 GHz/nm in 
simulations. The sensitivity could be further enhanced by ~6.6 times the 
sensitivity of unetched device, obtained from the initial slope of the green 
curve in Fig.4.10(b), by introducing the etch trench depths up to 30 µm, 
which is an achievable etching depth using anisotropic etching techniques 
such as Inductively Coupled Plasma Etching [169]. By now, a significant 
dielectric sensitivity enhancement of SRRs by introducing localized etch 
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trench structures has been demonstrated both in experiments and in 
simulations. 
 
Figure 4.11 Sensitivities extracted from the initial slopes as a function of the 
etching depth. 
 
To confirm that the sensitivity enhancement was caused by the 
reduction of effective permittivity instead of the increase of resonant 
frequency, additional simulations were performed to compare the sensitivity 
of two SRR devices without trenches and operating at 794 GHz and 904 
GHz respectively. The 904 GHz was chosen because this was the same 
frequency that the 3.4 µm device worked at. The resonant frequency was 
adjusted by changing the LC gap distance. An SRR with a gap of 2.7 µm 
resonates at 794 GHz while SRR with the gap distance of 7.96 µm operates 
at 904 GHz. The sensitivity obtained from the initial slope decreases when f0 
increases to 904 GHz in the main region where we are interested (h1318 < 1 
µm), as shown in Fig. 4.12. The resonant frequency shift slightly increased 
by 4 GHz when the resonant frequency shifts are saturated, while for a 
comparison the degree of resonant frequency shift introduced by the 3.4 µm 
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trenches was increased by 42 GHz. This confirms that the increase in 
sensitivity and Δf is caused by the reduction in effective permittivity. 
 
Figure 4.12 Resonant frequency shift as a function of hS1813 for SRRs 
working at 794 GHz and 904 GHz, respectively. 
 
4.5 Conclusion 
This chapter demonstrates an enhancement in sensitivity of THz 
metamaterials sensors to overlaid dielectric materials, by the introduction of 
etched trenches in the LC gap area, which reduces the local effective 
dielectric permittivity. These results are useful for practical dielectric sensing 
applications based on metamaterials devices and have been submitted to 
Optics Express for a publication. In addition, this work contributes to further 
understanding the mechanism of THz metamaterials as dielectric sensors 
and, as discussed later in the conclusions and further work chapter, a similar 
methodology could be extended to other metamaterials devices. 
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Chapter 5  Terahertz wave modulation and 
detection with graphene 
 
5.1 Chapter introduction 
The unique electronic and optoelectronic properties of graphene, as 
discussed in chapter 2, make it a promising material for a variety of THz 
applications [170, 171]. Although graphene possesses Dirac fermions owing 
to the quasi-relativistic dispersion of the bandsructure [1], the ac conductivity 
of graphene in the terahertz regime still exhibits Drude absorption behavior 
[172], which has been experimentally demonstrated with epitaxial graphene 
[173] and CVD grown graphene [174]. When the graphene was excited by 
high-intensity laser, population inversion in graphene can be obtained over a 
wide terahertz spectral range even at room temperature [175, 176], which 
indicates the application of THz amplification and THz laser. The lifetime of 
photoexcited carriers in graphene lies in sub-ps to tens of ps range [177, 
178, 179], making graphene a suitable photoconductive material for pulse 
THz emitters and detectors [28]. On the other hand, the wavevector of 
plasmon in graphene is more than two orders larger than that of THz wave, 
which allows dimension of graphene THz devices much smaller than the 
wavelength of THz wave (miniaturized THz devices) [180, 181, 182, 183]. On 
top of that, the symmetric, gapless and linear band structure of graphene 
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[184, 6] means that the carrier density can be easily modulated [185], so 
allowing the manufacture of tunable THz devices. 
Based on the discussion above, one potential application is THz detection 
owing to the strong interaction between graphene and THz wave. The 
majority of works focus on power detection [186, 187, 29, 188, 189], the 
signal of which is linear with the power of the incident THz wave, with 
reported voltage responsivities reaching 10 V/W at room temperature [186] 
and 240 V/W at 10K [29]. Besides, owing to the mechanical properties of 
graphene, flexible graphene terahertz detectors have been realized with a 
voltage responsivity reaching 2 V/W at room temperature [187]. Another THz 
detection approach is time domain amplitude detection, based on 
photoconductive antennae, which is suitable for THz-TDS application and 
which has been realized in on-chip devices [28]. 
Another potential application of graphene in THz technology is as a THz 
modulator, since by electrically tuning the Fermi level of graphene the carrier 
density and the optical conductivity of graphene are easily modulated. The 
maximum electrical modulation depth, calculated by 𝑀𝐷 = (𝑇¹C? − 𝑇¹vh)/𝑇¹C? with Tmax and Tmin the maximum and minimum transmittance, of sheet 
graphene is around 10%, according to a previous study [47], which is not 
sufficient for practical applications. Several methods have been adopted to 
improve the modulation depth. Multi-layer graphene shows a larger 
modulation depth than monolayer graphene [190, 191, 192], allowing a 
modulation depth of larger than 80% to be realized. Introducing 2D THz 
resonators or cavities into graphene samples is another way to enhance the 
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modulation depth [41, 42, 43, 44, 76]. More than 90% modulation depth was 
realized for THz wave propagating in free space [44], while a modulation 
depth of 100% was reported by integrating graphene on the output apertures 
of surface-emitting concentric-circular-grating THz quantum cascade lasers 
[76]. Whereas, the significant modulation enhancement is limited in a narrow 
frequency band around the working frequency of the structures [43]. The 
introduction of Fabry-Perot interference is another way to enhance THz 
modulation, though this only works in a narrow frequency range [30, 193]. 
The modulators discussed above didn’t aim to polarizer applications, but 
since controlling the polarization of a THz wave is an essential issue in THz 
technology [194], working on tunable graphene THz polarizers is of 
potentially high significance. The graphene metasurfaces was shown to be 
promising for tunable THz polarizers, which was illustrated by many 
theoretical designs and simulations [195, 46, 196, 72, 197, 198]. Most of 
these designs use metasurfaces with certain resonant frequencies to 
enhance the modulation of the polarizer, whereas the consequent problem 
caused by this is that the polarizer can only work over a narrow band of 
frequencies. Recently, a different approach was proposed and 
experimentally realized, based on a graphene-controlled Brewster angle 
device [31]. Using this technique, the modulation depth surpassed 99%, with 
a broad bandwidth ranging from 0.5 THz to 1.6 THz, limited by the 
frequency-dependent Brewster angle. 
This chapter investigates two THz applications for graphene based on the 
THz-graphene interaction. In section 5.2, based on our group’s previous 
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work of on-chip THz detection using graphene PC antenna, this research 
extended our work to make a free-space THz detection antenna using 
graphene. The fabrication of this graphene bowtie photoconductive antenna 
is discussed, then allowing time-domain traces of free-space terahertz pulses 
to be detected. The signal-to-noise ratio (SNR) of the THz signals obtained 
by fabricated graphene bowtie detector was ~ 130, with a bandwidth of ~2 
THz. This SNR was poorer than LT-GaAs detector mainly due to larger noise, 
whose details were discussed in section 5.2.2. The factors that affect the 
detection performance were also discussed based on experiments in the 
following sections. 
In section 5.3, a broadband tunable THz polarizer was designed with a 
geometry utilizing hybrid graphene-metal strip arrays, which dramatically 
enhanced the modulation depth compared with graphene strips by increasing 
the effective conductivity and the plasmon-terahertz wave coupling. After 
fabrication, the direction dependent modulation, the bandwidth, and the 
modulation enhancement of polarizers with different metal and graphene 
dimensions were examined. The THz polarizer of this hybrid-stripes 
geometry with ~18 times modulation enhancement compared with graphene-
stripes polarizer was obtained experimentally, which agreed with the 
calculation results. Also, we predict greater than 40 THz bandwidth with a 
modulation depth of 95% at 0.5 THz, with a maximum of >98% modulation 
depth is reachable according to the calculations. 
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5.2 THz pulse detection using graphene photoconductive antenna 
Since graphene is a promising material for THz detection and the 
technique for on-chip THz pulse detection as has been established in our 
group, this section of work sought to extend this work to graphene bowtie PC 
antennae for free-space THz pulse detection. 
5.2.1 Experimental methods 
A graphene PC antenna was designed using a bowtie structure, with gap 
dimensions of 20 μm. A bowtie-shaped antenna typically provides good THz 
detection sensitivity and wide spectral bandwidth [199]. CVD graphene was 
first transferred to a quartz substrate following the recipe discussed in 
chapter 3. Then, a bowtie pattern was prepared using optical lithography, 
followed by deposition of Cr (10 nm) and Au (100 nm) metal layers by 
thermal evaporation and lift-off in acetone. Chrome was chosen as the 
adhesion layer because of its relatively low contact resistivity [200]. After 
that, a 20 μm graphene stripe was formed by nitrogen plasma etching with a 
20-μm-wide S1813 mask on top of it. Fig. 5.1 (a) shows the microscope 
image of the fabricated graphene bowtie, in which the long stripe across the 
center of the bowtie is the S1813 mask, showing the graphene’s position. A 
close-up view of bowtie’s gap area (Fig. 5.1 (b)) demonstrates a 20 μm × 20 
μm graphene square bridging these two bowtie electrodes. 
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Figure 5.1 (a) Micrograph image of fabricated graphene bowtie, and (b) 
close-up image of the central area of bowtie. 
 
Raman spectroscopy was utilized to confirm the graphene in the gap area 
after dissolving the S1813 mask in acetone, as shown in Fig. 5.2. Clear 
graphene characteristic spectra, in terms of the G peak and 2D peak, were 
obtained, in which the 2D peak was much larger than G peak, verifying the 
presence of single-layer graphene [106], while the D peak was beneath the 
noise level, indicating a high quality of the graphene sample given that the D 
peak corresponds to a defect-assisted intervalley single-phonon scattering 
[201]. 
 
Figure 5.2 Raman trace of graphene in bowtie gap area. 
 73 
A THz-TDS system was utilized to test the graphene detector by 
replacing the photoconductive detector in this system with the fabricated 
graphene bowtie antenna. A biased LT-GaAs PC antenna with a 200 μm gap 
illuminated by a 230 mW averge power pump laser beam with 100 fs pulse 
width and 796 nm central frequency, was used for THz pulse generation. 
Multiple intensities of THz pulses, which were modulated by a bias voltage, 
and powers of the probe beam, which were adjusted using a continuously 
variable laser attenuator and measured using a power meter, were made 
incident on the graphene detector to investigate its performance. 
5.2.2 Detection performance 
 
Figure 5.3 THz signal detected using graphene photoconductive antenna in 
(a) time domain, and (b) frequency domain. 
 
Strong THz pulse signals were obtained by the fabricated graphene 
bowtie detector. A typical terahertz pulse trace is shown in Fig. 5.3(a); a 10 
kV/cm emitter bias and 27.8 mW probe laser was used for this particular 
scan. The SNR was calculated by dividing the signal amplitude by the mean 
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square root of noise in the time domain to be about 130. Spectra of the 
terahertz pulse, obtained by fast Fourier transform (FFT) of the time domain 
trace, is shown in Fig. 5.3(b), indicating a bandwidth of 2 THz. 
An LT-GaAs photoconductive antenna, which is one of the most widely 
used THz detectors owing to its high mobility, high intrinsic resistivity, and 
short photoexcited carrier lifetime [202], was used for comparison to 
investigate the comparative performance of the graphene detector. To 
compare the performance of the graphene detector and LT-GaAs detector, 
the detected terahertz pulse traces were normalized to the same incident 
terahertz pulse intensity and probe beam power in the gap area, as shown in 
Fig. 5.4(a) and (b), providing a direct comparison between LT-GaAs detector 
(red dashed line) and graphene detector (blue solid line) both in time domain 
and frequency domain, respectively. 
Similar amplitude but narrower bandwidth of THz signal was obtained 
using graphene detector, compared with LT-GaAs detector, which was 
demonstrated both in time domain and frequency domain. Fig. 5.4 (a) shows 
the time-domain signals obtained by graphene bowtie and LT-GaAs bowtie, 
respectively, where the peak-peak amplitudes are shown to be 20.7 pA for 
graphene detection and 21.3 pA for LT-GaAs detection, indicating similar 
signal intensity. On the other hand, the full width at half maximum (FWHM) of 
the THz pulse detected by graphene detector was ~1.1 ps, which was larger 
than that of LT-GaAs detector (~0.5 ps), indicating a narrower bandwidth for 
the graphene detector. To provide a further comparison, the frequency-
domain signals are given in Fig. 5.4(b), in which a cut-off frequency of 2 THz 
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was seen by graphene detection, comparing to 2.85 THz for LT-GaAs 
detection. The narrower bandwidth suggested a longer carrier lifetime in 
graphene since the lifetime of the photoconductive materials determines the 
bandwidth of PC antenna acting as THz detector. On the other hand, the 
signal detected by graphene detector was larger than that of LT-GaAs 
detector in the low-frequency range.  
 
Figure 5.4 Comparison of THz signals detected by LT-GaAs bowtie and 
graphene bowtie in (a) the time domain, and (b) the frequency domain. 
 76 
It is also notable that the noise of the graphene detection was tens of 
times larger than for the LT-GaAs detection, which was illustrated both in 
time domain (insert of Fig. 5.4(a)). The mean-square-root noise of graphene 
antenna is 0.16 pA while that of the LT-GaAs antenna was 0.02 pA. The 
larger noise in graphene-detection signal may be caused by the lower 
resistance of graphene, which resulted in a larger Johnson noise. The 
Johnso can be calculated by ,𝑣h=ßßß = i4𝑘r𝑇𝑅 , where ,𝑣h=ßßß  is the voltage 
variance per hertz, 𝑘r is Boltzmann’s constant, T is absolute temperature in 
kelvins and R is the resistance in ohms. Illuminated by a 5.6 mW probe laser, 
which was the value being used to obtain the signal in Fig. 5.4, the 
resistances of graphene antenna and LT-GaAs antenna were 1.5 kΩ and 
187 MΩ, respectively. Johnson noises are calculated to be 4.9 𝑛𝑉/√Hz for 
graphene antenna and 1.74 𝜇𝑉/√Hz for LT-GaAs antenna, corresponding to 
the current noises being 3.27 𝑝𝐴/√Hz  and 9.3 𝑓𝐴/√Hz . The current was 
firstly amplified by using a current preamplifier (SR570) with a 6dB band-
pass filter and then input into a lock-in amplifier (7270), whose phase 
measurement resolution is in the range of 0.001° - 0.01° and whose  gain 
was set to be 0 dB. Using the modulation frequency of 7.7 kHz, we can 
obtain the final noise 	aåæ¿åç»r × √0.0214𝐻𝑧 < 𝑣hÁé·w < aåæ¿åç»r × √0.214𝐻𝑧. Based 
on these calculation, we estimated that the Johnson noise induced noise of 
graphene detection was in the range from 0.12 pA to 0.38 pA, while that of 
LT-GaAs detection was in the range from 0.34 fA to 1.08 fA. In that case, it is 
reasonable to consider the larger noise in graphene detection was caused by 
the Johnson noise. 
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5.2.3 Signal amplitude as a function of THz intensity and probe power 
The relationship between the detected signal versus the intensity of 
incident THz wave, as represented by the electrical field applied to the THz 
emitter, and power of probe beam incident on the graphene area were also 
investigated, a linear relationship for both values was demonstrated. 
 
Figure 5.5 Profile of probe beam spot incident on THz detector, obtained by 
translating a knife-edge across the focal spot. 
 
Before investigating the relationship, the power of probe beam present in 
the graphene area was first obtained. The profile of probe beam spot incident 
on the THz detector was first measured using a scanned knife-edge in front 
of a calibrated laser power meter; the data was then fitted using a Gaussian 
distribution.  It was found that the diameter of the probe beam spot on the 
detector surface was around 67 μm. The results are shown in Fig. 5.5, in 
which blue circles show the experimental data, while the red solid line shows 
the fitting curve. Since the graphene area was a ~20 μm square, only 
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~20.3% of the probe beam power was incident on the graphene according to 
a calculation based on the (assumed) Gaussian distribution of the laser spot. 
In the following discussion, the probe power means the laser power incident 
on the graphene area instead of the power of the probe beam. 
 
Figure 5.6 (a) Terahertz pulses detected at different emitter bias; (b) 
Relationship of signal amplitude vs. emitter bias. 
 
Fig. 5.6 shows the measured THz signals for different emitter biases; the 
electric field applied in each case is obtained by taking the applied bias 
voltage and dividing by the dimensions of THz emitter gap (200 μm). Fig. 
5.6(a) show the terahertz pulses generated with different emitter bias while 
probed with 5.6 mW probe beam, in which a significant signal increase was 
found with larger bias field applied on the THz emitter. The peak-peak values 
of the THz pulses were extracted and plotted with respect to emitter bias 
(Fig. 5.6(b)) to investigate their relationship further.  The intensities of 
generated THz pulse and detected THz signal are linear, as was confirmed 
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by applying several probe beam powers. Furthermore, all curves in Fig. 
5.6(b) with different probe powers converged to the same point, (0, 0), which 
agrees with expectations since the emitted THz wave is expected to be the 
reason for the charge movement in graphene detector.  
 
Figure 5.7 (a) Terahertz pulses detected at different probe power; (b) 
Relationship of signal amplitude vs. probe power; insert: relationship of 
emitter bias vs. intersections of y-axis and fitting curves. 
 
The relationship of the THz signal with respect to probe power was also 
investigated and is shown in Fig. 5.7. Higher probe powers generate more 
photoexcited carriers, resulting in higher detection efficiency, as 
demonstrated in Fig. 5.7(a), where, for the same incident THz pulse, stronger 
probe beams induced a larger detected signal intensity. Fig. 5.7(b) shows the 
peak-to-peak values extracted from the THz time-domain signals as a 
function of probe power, in which the same colour represents the same 
incident THz intensity. A clear linear relationship can be seen from the fitting 
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curves in Fig. 5.7(b), indicating that the detecting efficiency was proportional 
to the probe power.  
Values of the intersections of fitting curves and the y-axis in Fig. 5.7(b) 
were linear in the emitter bias, as shown in the insert of Fig. 5.7(b). The 
reason is that apart from the photoexcited carrier, the usual charge carriers 
in graphene were also accelerated by the electric field of THz pulse, inducing 
an additional current flow in the bowtie gap area. These carriers will not 
experience a recombination, and their interaction with THz wave should obey 
the Drude model as discussed in chapter 2. 
5.3 Tunable broadband THz polarizer using graphene-metal hybrid stripe 
arrays 
Up to now, tunable THz polarizers based on graphene device have only 
been demonstrated operating at a narrow bandwidth, though ultra-high 
bandwidth THz polarizers based on silicon-metal stripe arrays have 
previously been reported [203]. In this section, we sought to demonstrate a 
potentially improved geometry for a broadband THz polarizer based on 
graphene-metal stripe arrays, by replacing the silicon in [203] with graphene. 
The advantage of graphene in our device is that it can be electrically 
modulated, while the silicon device needs to be photon modulated. 
Metallic wire-grid, the geometry of one of the most widely used polarizers, 
typically shows a low transmission for transverse electric (TE) polarized 
waves and a high transmission for transverse magnetic (TM) polarized 
waves. The same is true for wire grids formed from graphene, both in the 
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near-infrared [204], and in the microwave regions of the electromagnetic 
spectrum [205], while at THz frequencies, they typically show a low 
transmission for TM-polarized THz waves owing to THz wave-plasmon 
coupling [47]; this thus represents a limitation of pure graphene wire grid 
based polarizers. A further limitation is the low modulation (~10%) of the TE 
transmission, which is caused by Drude absorption [47]. In this section, the 
two drawbacks of graphene wire grid acting as THz polarizer were overcome 
by introducing metal patch arrays in the graphene wire grid. The introduction 
of metal patch arrays made graphene wire grid a better tuneable polarizer for 
three reasons. First, the introduction of metal makes the sheet conductivity of 
the graphene-metal hybrid wires larger than wires formed from graphene 
alone. In that case, we can get a larger Drude absorption and larger 
modulation of TE-polarized THz wave. Second, the strong TM-polarized 
plasmon mode present in graphene wires is suppressed by the introduction 
of the metal metasurface, which effectively acts to transform the graphene 
wires into separated graphene patches connected by metal. The EM wave-
to-plasmon coupling efficiency of the graphene patches is determined by 
their dimensions, and for a certain width, the TM-polarized coupling is highly 
suppressed by decreasing the dimension of graphene [206]. Third, the metal 
introduces a TE-polarized plasmon into graphene, which also contributes to 
the THz transmission modulation [48]. The generated TE-polarized plasmon 
is induced by the THz wave coupling to the resonance of an inductive-
capacitive (LC) circuit formed by the metal-graphene structure, in which the 
metal acts as a capacitive reservoir for charge accumulation and the 
graphene serves as an inductive channel. 
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5.3.1 Experimental methods 
The geometry chosen for our graphene-metal hybrid terahertz polarizers 
was a wire-grid, with 25 µm stripe width and 5 µm stripe gap, whose strips 
were made up by graphene-metal arrays as shown in Fig. 5.8(a), in which q 
is the angle between the polarization of incident terahertz wave and the 
direction of the strips, and Lgraphene, Lmetal and LG/M are the dimension of 
graphene, metal and period of graphene-metal arrays in the strips’ direction, 
respectively. Five devices with different geometry parameters were 
designed, shown as the design value in table 5.1, in which the number of the 
device gives the designed period of graphene-metal arrays (ΛG/M in Fig. 
5.8(a)). Among these five devices, Dev 30, Dev 90 and Dev 15 were 
designed to possess the same graphene filling factor, 𝐿YxCZêzhz/Λì/í , with 
different periods, Λì/í, aiming to reveal the factors that limit the bandwidth of 
the polarizer; while Dev 30, Dev 27.5 and Dev GS were designed having 
quite different graphene dimensions and filling factors, aiming to investigate 
how these aspects affect the modulation of the polarizer. All these 
considerations were also accessible from theoretical analysis, as will be 
discussed in section 5.3.2. 
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Figure 5.8 (a) Schematic of graphene-metal hybrid strips arrays. SEM 
images of metal arrays in (b) Dev 30, (c) Dev 90, (d) Dev 15, and (e) Dev 
27.5. (f) Raman spectrum of graphene in polarizer. 
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Table 5.1 Geometric parameters of the tunable terahertz polarizers 
fabricated in this work 
Device 
Data 
acquisition 
Lgraphene (µm) LG/M (µm) 
Graphene 
Filling Factor 
Dev 30 
Design 5 30 1/6=0.167 
Measurement 4.1 29.1 0.141 
Dev 90 
Design 15 90 1/6=0.167 
Measurement 14 90.6 0.155 
Dev 15 
Design 2.5 15 1/6=0.167 
Measurement 1.7 15.1 0.113 
Dev 27.5 
Design 2.5 27.5 1/11=0.091 
Measurement 1.7 27.6 0.062 
Dev GS Graphene Strips Only 
 
The polarizers were fabricated on ST-cut quartz substrates and then 
imaged using an SEM, as shown in Fig. 5.8 (b)-(e). The quartz substrates 
were firstly OL-patterned using direct-write DLP laser lithography (MLA150, 
Heidelberg Instruments) and then electron-beam evaporated with Ti/Au 
(7nm/70nm) layers. The reason to choose this metal thickness was that it 
was not too thin, and larger than the terahertz penetration depth, which is 
about 50 nm for gold, avoiding the generation of unwanted plasmon in metal 
[207], while also being not too thick in order to reduce defects formed at the 
edge of the metal patches. After that, CVD graphene samples were 
transferred onto the metal arrays following a wet transfer procedure [99, 
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100], details of which have been discussed in chapter 3, and were then 
etched into stripe-array structures (25-µm-wide stripe and 5 µm space 
between stripes) using oxygen plasma. The graphene samples are CVD 
grown monolayer graphene on copper foil, which were purchased from the 
company “Graphene Supermarket”. The devices were taken for Raman 
measurements after THz experiments and subsequent removal of the ion 
gel. One Raman spectrum of graphene in the polarizer (Dev 30) was shown 
in Fig. 5.8(f). Due to fabrication errors introduced by OL, such as the power 
distribution of laser spot inducing differences in the edge of the exposed 
pattern, and small errors in developing time inducing slight uncertainties, 
there was found to be differences in dimensions up to 1 µm between the 
fabricated devices and the designed parameters. The measured dimensions 
of the polarizers are different from the designed values, which were 
measured and listed in table 5.1. In the following sections, the measured 
dimensions instead of the designed ones were utilized in the calculations of 
device response for comparison with experiments. 
The geometry of the integrated device is shown in Fig. 5.9(a). The two 
upper metal contacts which, respectively, connected to the two ends of each 
strips, were used to measure the DC conductance of the stripe arrays, which 
was then used to deduce the conductivity of graphene based on the 
geometry of the strips. The lower metal contact was used to supply a gate 
voltage, relative to the graphene strips, to modulate the Fermi level of 
graphene. Devices were electrically modulated by using ion gel as the gate 
dielectric material owing to its good transparency for terahertz waves [208] 
and the possibility to induce a large carrier density at lower gate voltage 
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compared with other dielectric materials such as SiO2 [209]. The ion gel was 
a mixture of 2 [EMIM][TFSI]: 1 PVDF-HFP by weight, both of which were 
purchased. PVDF-HFP was first dissolved in acetone with the aid of a 
magnetic stirrer for an hour. Then, the [EMIM][TFSI] was added into the 
solution and stirred for a day. Ion gel was formed on the target substrate by 
drop casting and dried in ambient conditions for an hour [210].  
 
Figure 5.9 (a) Images of a fabricated device and the modulation method. (b) 
Measured DC conductivities of each device under the modulation of gate 
voltage. 
 
Gate voltage dependent DC conductivities of graphene samples in each 
device were directly measured using a source-measurement unit (SMU), 
which were plotted in Fig. 5.9(b). The inconsistency of Dirac point and 
graphene’s conductivity might be induced from the process of device 
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fabrication, which highly affected the quality of graphene samples and the 
contact resistance between graphene and metal. 
5.3.2 Mechanisms of THz wave modulation 
Two types of interactions between THz radiation and the carriers in the 
graphene are likely to be generated in the polarizers with graphene-metal-
hybrid stripe arrays when illuminated by terahertz wave with a polarization 
direction parallel to the strips. First, the charge carriers will be accelerated by 
the terahertz electric field, moving freely along the length of the strips. 
Second, the carriers’ collective oscillation (ie a plasmon) should be excited in 
the graphene due to carrier reflection at the interface of graphene and metal 
[48]. Both mechanisms will transfer THz wave’s energy to charge carriers, 
reducing the transmittance of THz wave, and both should be affected by the 
conductivity of the graphene. Since the conductivity of graphene can be 
electrically modulated by a gate voltage, the transmittance of the hybrid 
stripe arrays is also tunable. In the parallel direction, both mechanisms are 
distinct, and the total modulation depth combines these two mechanisms 
[47]. In the perpendicular direction, noting that the movement of carriers is 
confined within the dimension of stripe width and no graphene-metal 
interface supports for carrier reflections in graphene, both mechanisms are 
highly suppressed.  
To calculate the free carrier movement associated enhancement of 
transmittance modulation by introducing metal arrays in the graphene strips, 
the graphene-metal strips are treated as having a uniform conductivity, which 
is a reasonable hypothesis since the period of graphene-metal array is small 
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compared with the wavelength of THz wave. The sheet conductivity of the 
graphene-metal hybrid stripe will be given by: 
𝜎 = î ½ï²µð³å³ñï²µð³å³×òó/ô + ½¾³±²Àñ¾³±²À×òó/ôõÁ                             (5.1) 
Where, sgraphene and smetal are the sheet conductivity of graphene and metal, 
respectively, and Lgraphene and Lmetal are defined in Fig. 5.8(a). The frequency 
dependent conductivities of graphene were calculated based on the Drude 
model [174] in the following calculations. Since the sheet conductivity of 
metal is much larger than that of graphene, a good approximation can be 
written as follows: 
𝜎 ≈ î ½ï²µð³å³ñï²µð³å³×òó/ôõÁ                                       (5.2) 
∆𝜎 ≈ ∆𝜎YxCZêzhz/ î½ï²µð³å³òó/ô õ                                  (5.3) 
According to formula 5.3, it is clear that, for a certain value of ∆𝜎YxCZêzhz, 
a smaller graphene filling factor, î½ï²µð³å³òó/ô õ, leads to a larger conductance 
change of the hybrid stripes ( ∆𝜎 ), which directly results in a larger 
transmittance modulation, according to the relationship between THz 
transmittance and sheet conductivity, 𝑡= = 2𝑛/(𝑛 + 𝑛= + 𝑍𝜎)  [211], 
where n1 and n2 are the refractive index of the ion gel and quartz, 
respectively. The transmittance modulation depth was defined as 𝑀𝐷 =(𝑇¹C? − 𝑇)/𝑇¹C? , where Tmax was the maximum transmission which was 
obtain when the conductivity of graphene reaches the minimum value (at the 
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Dirac point for example). Fig. 5.10(a) and (b) illustrate the calculated 
frequency dependent transmission with different graphene filling factors 
based on the view of free carrier movement, at the DC graphene conductivity 
of 0.15 mS in Fig. 5.10(a) and 0.75 mS in Fig. 5.10(b). The increasing 
transmission with higher frequency in the calculation corresponds to a 
decrease of AC conductivity with frequency, agreeing with the Drude model, 
while an increase of transmission with graphene filling factor is caused by the 
smaller conductivity of hybrid strips with larger graphene filling factor.  
 
Figure 5.10 Free carrier movement induced transmission with different filling 
factors when the DC graphene conductivity is (a) 0.15 mS, and (b) 0.75 mS. 
Modulation depth with (c) different filling factors, and (d) different graphene 
conductivities.   
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Here, to illustrate the transmittance modulation, polarizers with different 
dimensions were investigated. The transmittance modulation depth was 
calculated using the values of graphene’s conductivity changing from 0.15 
mS to 0.75 mS. The calculated results were shown in Fig. 5.10(c), in which 
the graphene filling factors were calculated, by 𝐿YxCZêzhz/Λì/í, to be 1/300, 
1/60, 1/30, 1/15, 1/6, 1/3 and 1. Clearly, the transmission depth was 
enhanced dramatically moving from smaller than 10% (filling factor = 1) to 
larger than 70% (filling factor = 1/300). Intuitively one would expect that a 
larger change in conductivity results in a larger transmittance modulation 
depth, which is also shown in Fig. 5.10(d), where the dimension of 𝐿YxCZêzhz 
and Λì/í are 5 µm and 30 µm, respectively. 
Plasmon generation was demonstrated in the graphene area illuminated 
by a terahertz wave [48] (Fig. 5.11(a)) when introducing the metal arrays in 
the graphene. To calculate the transmittance modulation caused by the 
plasmons in graphene, an RLC equivalent circuit has previously been 
developed as shown in Fig. 5.11(b), and the details of calculation method 
were provided in the supporting information of Ref. [48]. This method is used 
for our calculations here because it was explicitly created for the calculation 
on the graphene plasmon-THz wave coupling, where the graphene samples 
were integrated with metal slab arrays, which are very similar to the structure 
of the hybrid stripes in our device. The resistance and inductance are 
proportional to the inverse of graphene’s conductivity, while the capacitance 
is determined by the period of graphene-metal arrays and the graphene 
filling factors. In that case, the plasmon response will be modulated both by 
the conductivity and the polarizer’s geometry. 
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Figure 5.11 Diagram of (a) plasmon oscillation induced by terahertz wave in 
the graphene area, and (b) its equivalent circuit, taken from Ref. [48].   
 
Fig. 5.12(a)-(d) gave the calculated frequency dependent transmission 
and transmission modulation caused by plasmon with different graphene 
filling factors and different graphene conductivities. The transmission 
affected by the plasmon at different graphene filling factors is shown in Fig. 
5.12(a), with DC graphene conductivity of 0.15 mS, and Fig. 5.12(b), with DC 
graphene conductivity of 0.75 mS. The resonant frequency of the plasmon, 
at the peak transmission, showed a blue shift as graphene filling factors 
decreased and graphene’s conductivity increasing. The modulation depths 
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compared Fig. 5.12(a) and (b), were calculated by 𝑀𝐷 = (𝑇.Ë¹¦ − 𝑇.÷Ë¹¦)/𝑇.Ë¹¦, with 𝑇.Ë¹¦ being the transmittance when conductivity of graphene is 
0.15 mS and  𝑇.÷Ë¹¦  the transmittance when conductivity of graphene is 
0.75 mS. The calculated results were shown in Fig. 5.12(c). Due to the blue 
shift of peak transmission frequency in graphene at larger conductivities, the 𝑇.÷Ë¹¦  was larger than 𝑇.Ë¹¦  in high-frequency range, inducing negative 
transmittance modulation ( 𝑀𝐷 < 0 ). All the geometric parameters and 
conductivity values for calculations were the same as those used for Fig. 
5.10, except for the geometry of graphene strips without metal arrays, which 
was not contained in Fig. 5.12 because no plasmon mode was generated in 
this arrangement. The modulation depth of the strip arrays with the geometric 
parameters of Dev 30 at different graphene conductivity was also calculated, 
as shown in Fig. 5.12(d). It can be seen that in the lower frequency range, 
the plasmon contributes to the enhancement of THz transmittance 
modulation, while at higher frequency range, the plasmon plays a negative 
effect.  
Comparing Fig. 5.10(d) and Fig. 5.12(d), free carrier movements always 
exhibited a positive contribution for THz transmittance modulation, while 
plasmons showed a more complicated behavior, owing to the shift of 
plasmon frequency. 
 
 93 
 
Figure 5.12 Plasmon-induced transmission with different filling factors when 
the DC graphene conductivity is (a) 0.15 mS, and (b) 0.75 mS. Modulation 
depths with (c) different filling factors, and (d) different graphene 
conductivities.   
 
5.3.3 Direction dependent transmittance modulation 
The graphene-metal hybrid strips arrays acted as a terahertz polarizer, 
whose minimum transmission appears when the strips are parallel to the THz 
polarization direction, while a maximum transmission appears when the 
strips are perpendicular to the THz polarization, as experimentally 
demonstrated in Fig. 5.13. This figure was plotted using polar coordinates, in 
which the angle represented the angle between the stripes of the polarizer 
and the THz polarization direction, shown as q in Fig. 5.8(a). The distance of 
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the polar coordinate was normalized transmission %Tù − Túûü)/Tù  of the 
THz polarizer, where Tù  and Túûü  are the transmission when θ = 90° and θ = 0°, respectively. To create a practical tunable polarizer, the transmission 
of the polarizer should be electrically tunable in the parallel direction while 
unchangeable in the perpendicular direction with respect to the gate voltage, 
which is theoretically feasible according to the analysis in section 5.3.2. 
 
Figure 5.13 Direction-dependent transmission of the THz polarizer (Dev 30), 
where the angle was the angle between hybrid stripes and THz polarization, 
and the distance was the normalized transmission (at 0.5 THz) of the THz 
polarizer. 
 
Dev 30 was firstly used for a gate-modulated transmittance measurement 
at different incident angles to study and experimentally confirm the angle-
dependent modulation properties of the polarizer. To better understand the 
transmittance behaviors of the polarizers, frequency-domain signals were 
obtained using FFT for the following analysis. Incident angle was chosen to 
be 0o, 30o, 60o, and 90o, while gate voltages were incremented between -2.1 
V and 0.4 V, since the Fermi level of graphene in Dev 30 reached the Dirac 
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point at 0.4 V according to a DC measurement (Fig. 5.9(b)). The reason that 
we limited the gate voltage at -2.1 V was that by using lower voltage the dark 
current in ion gel would be seen.  
 
Figure 5.14 Direction-dependent transmission of the polarizer obtained by 
dividing the FFT information of transmitted THz pulse by the FFT information 
of reference THz pulse. 𝜽 gave the angle between hybrid stripes and THz 
polarization, and the transmission when 𝜽= (a) 0o, (b) 30o, (c) 60o and (d) 90o 
were plotted in frequency domain. (e) gives the relative transmission 
obtained by T(0o) / T(90o) 
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The measured transmissions in frequency domain were obtained, as 
shown in Fig. 5.14(a)-(d). Significant transmission changes were seen in Fig. 
5.14(a), in which the incident angle was 0o; the transmission changes 
gradually reduced with incident angle increasing until 90o, at which the 
transmission curves being modulated by different gate voltages overlapped, 
making the transmission change invisible. To highlight the difference 
transmission between different polarizations, a relative transmission obtained 
by T(0°)/T(90°)  was shown in Fig. 5.14(e), in which T(0°)  was the 
transmission in amplitude when θ = 0°, and T(90°) was the transmission in 
amplitude when θ = 90°. It can be seen that the extinction ratio, which could 
be calculated by 20log(T(90°)/T(0°)) of the polarizer was also modulated. 
To illustrate the angle-dependent modulation more clearly, the maximum 
modulation depths were calculated (Fig. 5.15) using 𝑀𝐷 = (𝑇¹C? − 𝑇¹vh)/𝑇¹C? , where Tmax is the transmission when 𝑉𝑔 = 0.4𝑉  and Tmin is the 
transmission when 𝑉𝑔 = −2.1𝑉. The angle-dependent modulation depths at 
1 THz in this group of experiments were directly plotted in the insert of Fig. 
5.15.  Clearly, the modulation depth in the parallel direction surpassed 40%, 
while the modulation depth in the perpendicular direction was negligible, as 
expected from the theoretical expectations detailed in section 5.3.2. 
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Figure 5.15 Modulation depth of Dev 30 when the angle, 𝜽 being defined 
above, was 0o, 30o, 60o and 90o. 
 
An apparent transmittance modulation was reported for graphene strips 
arrays in the perpendicular direction, 𝜃 = 90° [47], which was also observed 
in the experiments on Dev GS, as shown in Fig. 5.16. Comparing Dev 30, 
Dev 90, and Dev GS, we found that the transmittance modulation in the 
perpendicular direction could be suppressed when Lgraphene getting smaller. 
This trend was shown in Fig. 5.16, in which the bold solid lines represented 
the modulation depth in perpendicular direction. For 25-µm-wide strip arrays, 
the transmittance modulation in perpendicular direction was negligible when 
the graphene length, Lgraphene, was smaller than 5 µm, according to the 
experimental results shown in Fig. 5.16. The following discussions will focus 
on the transmittance modulation in the parallel direction 𝜃 = 0°, since the 
modulation of the graphene-metal-hybrid stripe arrays in the perpendicular 
direction was negligible. 
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Figure 5.16 Comparison of modulation depth in parallel and perpendicular 
directions of Dev 30, Dev 90 and Dev GS. 
 
5.3.4 Period limited bandwidth of modulation 
Working bandwidth is an important factor for the polarizers in order to 
satisfy a broader range of applications. The primary limit for the bandwidth 
was the square metal patches array, which acted as a low-pass filter [212], 
whose cut-off frequency was determined by the geometries of the array. 
To investigate the period-dependent working bandwidth, three devices 
with different periods, Dev 30, Dev 90 and Dev 15, were compared in both 
experiment (Fig. 5.17(a)) and calculation (Fig. 5.17(b)). The modulation 
depths given in these two figures were obtained by the transmittance 
modulation from Vg=VD (at Dirac point) to Vg=-2.1V. The modulation depth of 
the polarizers shown in Fig. 5.17(b) was calculated based on the method 
introduced above, considering the low-pass properties of metal arrays [212]. 
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The bandwidth of Fig. 5.17(b) is similar to the bandwidth of the experimental 
data in Fig. 5.17(a), indicating that the geometry of the square metal patches 
was the dominate limit confining the bandwidth of the polarizers. To fabricate 
a broadband polarizer, a small graphene-metal period is needed. Among the 
fabricated devices, a largest bandwidth was obtained by using Dev 15, with a 
15 µm period of graphene-metal array. The bandwidth of this device 
surpassed 5 THz, according to the experimental data, which covered the 
whole bandwidth of the TDS system being used.  
 
Figure 5.17 Modulation depths of Dev 30, Dev 90, and Dev 15 obtained by 
(a) experiment, and (b) calculation. 
 
Comparing the experimental and theoretical transmission results, we note 
several differences, notwithstanding their overall similarity. First, the 
measured MD is up to ~3% larger than that calculated for low frequencies.  
This is likely to be a result of the contact resistance between graphene and 
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metal, causing the dc conductivity used in the calculation to be smaller than 
the sheet conductivity.  Second, the measured MD decays somewhat more 
slowly with frequency than the calculated results. This could be caused by 
impurities and vacancies in the graphene, which may affect the optical 
conductivity and plasmon excitations [213] by the introduction of additional 
carrier scattering. Additionally, we observe a slight oscillatory behaviour in 
the experimental data, likely to be caused by interference of the THz pulse 
caused by the reflection the surfaces (substrate and ion gel). In addition, a 
more rapid MD decrease with respect to frequency was observed for 
frequencies above 3 THz in experiments owing to the limited system 
bandwidth, which rolled off beyond 3 THz. 
 
5.3.5 Graphene dimension and filling factor determined modulation depth 
To investigate the modulation enhancement by introducing graphene-
metal hybrid structures, polarizers with different graphene filling factors were 
tested. The modulation depth of Dev 30, Dev GS and Dev 27.5 with gate 
voltage changing from VD to -2.1 V were experimentally measured and 
theoretically calculated as shown in Fig. 5.18(a) and (b), respectively. 
Compared with Dev GS, in which no metal patches were introduced, a four 
times modulation enhancement was seen for Dev 30 and a six times 
modulation enhancement was seen for Dev 27.5, indicating that a smaller 
graphene filling factor induced a more considerable modulation. The 
polarization extinction ratio (PER) of Dev 27.5 was modulated from 3.7 dB to 
10.3 dB obtained from PER = 20log(Tù/Tù%), where Tù and Tù% were the 
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TM transmission and TE transmission amplitudes, respectively. The 
maximum PER was obtained when V' = −2.1V, and minimum when V' =V(ÙÒÕ), which was 0.9 V for Dev 27.5. 
 
Figure 5.18 Modulation depth of Dev 30, Dev GS and Dev 27.5 with respect 
to frequency, obtained by (a) experiments, and (b) calculations. 
 
An investigation was then taken to examine the relationship between the 
transmittance modulation and graphene’s conductivity. Fig. 5.19 gave the 
modulation depth of the fabricated devices as a function of graphene’s DC 
conductivity, in which 0.5 THz wave was utilized, with experiment and 
simulation result shown in Fig. 5.19(a) and (b), respectively. It is noticed that 
when the modulation of graphene’s conductivity was small, the modulation 
depth and graphene’s conductivity roughly obeyed a linear and proportional 
relationship. In order to give a numerical estimation on how much the 
modulation was enhanced, the slope of the curves of modulation depth 
versus conductivity was used as an indicator for representing the modulation 
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ability of the polarizers. The maximum modulation enhancement came from 
the device possessing the smallest graphene filling factors, Dev 27.5, while 
the modulation enhancement compared with graphene strips, Dev GS, was 2.06÷ 0.116 = 17.76 according to the experiment and 1.84÷ 0.102 = 18.04 
according to the calculation. 
 
Figure 5.19 Modulation depth of Dev 30, Dev 90, Dev 15, Dev 27.5 and Dev 
GS with respect to graphene’s conductivity obtained by (a) experiments, and 
(b) calculations. 
 
Comparing the results of experiment theory, there were two consistent 
differences between them.  First, the measured modulation depth was 
slightly larger than the calculated one.  This was accounted to the contact 
resistance between graphene and metal, which caused the conductivity 
being utilized for calculation to be smaller than the real value.  Second, the 
measured modulation depth decayed slower with respect to frequency than 
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the calculated results, especially in the low-frequency range. This may be 
caused by the defects and residues in the graphene area, which could 
induce additional plasmon-THz wave coupling modes. The resonant 
frequency of the plasmon is depend on the dimension of graphene, and 
smaller graphene inducing higher frequency of plasmon. In the case of these 
defects in the graphene introducing plasmon-THz wave coupling at higher 
frequencies, a slower modulation depth decrease with frequency should 
induced, as was observed. 
 
Figure 5.20 Modulation depth with respect to the length of graphene (ranging 
from 10 nm to 10 µm) and the graphene filling factors (ranging from 0.001 to 
0.5), the MD value is indicated in the color bar. 
 
The MD and the working bandwidth of the polarizer could be improved by 
further reducing the graphene filling factor and the Λ+/ , which we 
investigated theoretically. Graphene dimensions were considered to be from 
10 nm to 10 µm, noting that the former could potentially be realized 
experimentally using e-beam lithography. The graphene filling factors were 
set from 0.001 to 0.5 while the graphene conductivity was varied between 
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0.1 mS and 20 mS. The calculated MDs at 0.5 THz are shown in Fig. 5.20. 
Based on these parameters, the maximum MD found to be possible was 
99.997%, employing 10 nm graphene with a 10 µm period. 
 
Table 5.2 Performance of THz polarizers producing a 99.9% modulation 
depth for different geometric parameters 
Geometry 
Lgraphene 
(µm) 
GFF 
LG/M 
(µm) 
Max / min 
transmission 
Cut-off 
frequency 
(THz) 
Min / max 
PER (dB) 
1 0.1 0.064 1.56 0.557 / 5.85E-4 91.3 4.5 / 62 
2 0.5 0.062 8.06 0.55 / 5.50E-4 17.7 4.7 / 63 
3 2.3 0.059 38.98 0.499 / 5.00E-4 3.66 5.5 / 64 
4 4.0 0.052 76.92 0.389 / 3.91E-4 1.85 7.7 / 66 
5 6.0 0.037 162.16 0.202 / 2.01E-4 0.88 13 / 72 
Aside from the MD, other performance parameters such as the bandwidth 
and transmission of the polarizer also change when the geometries are 
changed. To investigate this, several different geometries were investigated, 
realized to obtain a range MDs as shown in Fig. 5.20; the results are 
summarized in table 5.2. It can be seen that either a shorter Lgraphene or larger 
graphene filling factor results in a broader bandwidth (reaching as high as 
>90 THz for geometry 1 in table 3), while smaller graphene filling factor 
results in smaller TE transmission, indicating a higher PER (eg. up to ~70 dB 
for geometry 5). The possible PER of our design is up to 30 dB higher than 
commercial metal wire grid THz polarizers (20 – 40 dB).  By a suitable choice 
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of geometry, the proposed polarizers can thus target either maximal 
bandwidth, maximal PER, or a compromise between these factors according 
to the needs of particular applications.  
5.4 Conclusion 
In this chapter, a graphene bowtie antenna was demonstrated to acts as 
a promising THz detector for free-space pulses. Then, this chapter 
demonstrated enhancement in the direction dependent modulation of 
broadband tunable THz polarizer, by introducing graphene-metal hybrid 
structures into the polarizer’s strips, which both increased the effective 
conductivity of the strips and introduced plasmons in the graphene area. The 
bandwidth of this polarizer has the potential to cover the whole THz range, 
making it satisfy all kinds of THz sources requiring polarization control. Both 
of these pieces of work can contribute to the expanding range of applications 
for graphene in THz technology.   
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Chapter 6  Surface acoustic wave induced carriers 
transport in graphene channels 
 
6.1 Chapter introduction 
The interaction of SAWs with two-dimensional electron systems has 
received much attention. The moving sinusoidal electric field which 
accompanies SAWs can drag with it charge carriers which then drifting in the 
propagation direction of the SAWs, which is known as the acoustoelectric 
effect, as first discussed by Parmenter [214] and subsequently 
experimentally realized by Weinreich [215]. The charge carriers drifting in a 
2DES by the acoustoelectric effect generates direct current or voltage, which 
has been experimental observed [216, 217, 218]. Later, quantized 
acoustoelectric current with the value of 𝑛𝑒𝑓 was achieved [219, 220], where 
n is the number of charge carriers trapped in one potential cycle, e is the 
elementary charge, and f is the frequency of the SAWs. Furthermore, 
increasing the charging energy in the electron system by means of quantum 
dots [221, 222] and by counter-propagating SAWs [223], has been 
demonstrated, effectively improving the accuracy of the quantized current. 
The acoustoelectric interaction of SAWs with graphene has also received 
much attention, owing to the unique electronic properties of this two-
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dimension material [224]. The pioneer experimental work on the detection of 
acoustoelectric current in graphene for the first time was made in our group 
by using CVD graphene on 128o Y-rotated LiNbO3 [82]. Many factors, such 
as SAW frequency [225, 79], temperature [83], dimension of graphene 
channel [79], photoexcitation [85, 81], chemical doping [86], electrical doping 
[80, 226], and properties of substrate [227, 228], have subsequently been 
shown to affect the value of the acoustoelectric current in graphene by other 
groups. The graphene AE device is an interesting research topic, which 
involves both fundamental interests [229, 230, 231] and useful applications 
[89, 224]. 
In this chapter, graphene AE current experiments working at the 
frequency of 100s of MHz, realized in our group before, were firstly repeated. 
After that, three directions were pursued, all pushing towards new regimes of 
device operation, and motivated by the long term goal of obtaining devices in 
which a quantised acoustoelectric current might be observed in graphene: 
(1) fabrication and measurement of graphene AE devices working at higher 
frequency (~1.87 GHz), (2) investigation of the properties of graphene AE 
devices at low temperature, and (3) investigation of electrically tuneable 
graphene AE devices. AE current influenced by carrier localization behaviour 
was observed using AE devices with graphene nanoribbons as the carrier 
transport channel. 
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6.2 Acoustoelectric current in graphene 
6.2.1 Experimental methods 
A similar geometry of graphene AE device as in Ref. [82] was first utilized 
to confirm I could make and measure devices in which a DC current was 
generated in graphene by SAWs, as shown in Fig. 6.1. The SAW delay lines 
were fabricated following the recipes discussed in chapter 3. The CVD-
derived graphene was then transferred directly onto the highly piezoelectric 
LiNbO3 substrate in the middle of the two IDTs.  Six electrodes were then 
made on top of the graphene using optical lithography and thermal 
evaporation. The sizes of the electrodes are shown in Fig. 6.1, where L is the 
length of the electrodes, l and D are the distance between electrodes in the 
directions along and vertical to the SAW propagating direction, respectively, 
and d is the width of the electrodes. The wavelength of IDTs was 17.6 µm, 
corresponding to the resonant frequency of 215 MHz according to the 
measurement shown in chapter 3. 
A network analyzer was used to supply the radio-frequency (RF) signal 
for the IDTs, and a Keithley 2410 SMU was used to measure the generated 
AE current. The network analyzer and SMU were both controlled using 
LabView. A small burden voltage was generated by the SMU which brings an 
offset to the measured data. Thus, all the AE current data shown in this 
chapter had an offset subtracted in the data processing. 
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Figure 6.1 Schematic diagram of graphene AE devices. 
 
6.2.2 Performance of graphene AE device 
SAW-induced carrier transport was confirmed by comparing the 
measured current and the response of the SAW delay line in the frequency 
domain, as shown in Fig. 6.2, where the features of these two signals 
agreed, indicating the AE current was indeed excited by the SAWs. The 
number of electrodes is indicated in Fig. 6.1. IDT1 and IDT2 show the AE 
currents being generated by the left IDT and right IDT, respectively. The AE 
current peaked at around 215 MHz with a peak value of more than 1μA when 
a 10 dBm RF signal was applied to the IDT. Additionally, two current peaks 
appeared at around 207 MHz and 222 MHz, corresponding to the 
frequencies of secondary transmittance peaks of the SAW delay line 
response. The directions of the AE current were found to be the same as that 
of the SAWs propagation, confirmed with both IDTs, and indicating p-type 
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charge carriers transported in the graphene. P-type doping is typically 
observed in CVD graphene after the PMMA supported transfer due to 
residues and atmospheric adsorbents  [232].  
 
Figure 6.2 AE currents generated by IDT1 and IDT2, respectively, were 
measured at room temperature using electrodes (a) 1 and 3, (b) 4 and 6, 
comparing with the SAW delay line response (upper figures). 
 
The amplitude of the AE current varied linearly with the SAW power, as 
shown in Fig. 6.3. In this figure, the x-axis is the power of RF signals applied 
on the IDT, and the y-axis is the peak value of the AE current. This result 
agrees with a relaxation model [224, 233], 𝐼Cz = −𝜇 ,-./a-./ 𝛼, where Iae is the 
AE current, µ is the carrier mobility, PSAW is the SAW power, vSAW is the 
velocity of SAW, and 𝛼 is the SAW attenuation ratio. 
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Figure 6.3 Linear relationship of AE current and RF power applied on the 
IDT. 
 
It is noticeable that large oscillations are superimposed on the AE current 
curve around the region of the resonant frequency and they were not 
symmetric although the design was. To identify the origin of these 
fluctuations, some comparison of features were made using the curves of 
normalized AE current with respect to SAW frequency, as shown in Fig. 6.4. 
Fig. 6.4(a) and (b) compare the AE current features pumped at different 
powers. It can be seen that under the conditions of the same IDT and 
electrodes for measurements, the shape of the AE current as a function of 
frequency is independent of the RF power. Fig. 6.4(c) compares the AE 
current profile as a function of frequency measured using different electrodes 
while the SAW conditions were kept the same, while Fig. 6.4(d) compares 
the AE current profile as a function of frequency pumped by different IDTs 
while using the same electrodes to the graphene for measurement. 
Significant differences in the measured profiles were seen in both figures, 
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owing to two phenomena: RF pick-up [234] and SAW reflections from sample 
edges or the second transducer [220].  
 
Figure 6.4 Comparisons of the AE current features under the conditions of 
(a) and (b) different SAW power, (c) different electrodes, and (d) different 
IDTs, where the number IDTs and electrodes were shown in Fig. 6.1. (e) AE 
current in graphene obtained in our group by V. Miseikis [82].  
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For a comparison, previous measurements in our group using a similar 
device but working at ~ 110 MHz were shown in Fig. 6.4(e), which has been 
pulished in Appl. Phys. Lett. [82]. Random oscillations were also seen in 
these data. On the other hand, the efficiency of my device was higher than 
the previous device, owing to the higher working frequency of my device. 
 
6.2.3 Graphene AE device at an expanded range of frequency 
Two graphene AE devices working at the resonant frequencies of 110 
MHz and 1.87 GHz were fabricated and tested. AE current for these two 
devices are shown in Fig. 6.5(a) and (b), respectively. The AE current for 
both of these two devices was also found to be linear in the SAW power, as 
shown in Fig. 6.5(c) and (d) using the value of peak AE current. Noticing that 
the values of current were much smaller than the current generated using the 
215 MHz device; the likely reason is the lower coupling efficiency of the SAW 
delay lines confirmed by the SAW response measurement shown in Fig. 6.6. 
It is noticing that the background of the insertion loss in 1.87 GHz device (~ -
50 dB) was much larger than that in 110 MHz device (~ -90 dB). This was 
caused by the cross-talk effect, which will be more significant for shorter 
wavelength devices. 
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Figure 6.5 AE current excited by IDTs with a resonant frequency of (a) 110 
MHz and (b) 1.87 GHz, whose linear relationship with the RF power is shown 
at (c) 110 MHz and (d) 1.87 GHz, respectively. 
 
Figure 6.6 SAW delay response of the graphene AE devices working at the 
resonant frequency of (a) 110 MHz and (b) 1.87 GHz. 
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6.3 Temperature dependent acoustoelectric current in graphene channel 
6.3.1 Temperature dependent AE current in bar graphene channel 
The temperature affects the acoustoelectric current for two reasons. 
Firstly, the velocity of SAWs is larger at low temperatures, inducing a 
frequency shift to the SAW delay line response and the corresponding 
features in AE current correspondingly. Secondly, the conductivity of 
graphene is a temperature dependent value [235, 236, 233, 237], resulting in 
a change in the AE current. Fig. 6.7 shows the measured AE current for 
different temperatures using a graphene AE device with a graphene channel 
forming a 100-µm-width bar, and with a 214 MHz SAW delay line, excited by 
a 10 mW RF signal. A close-up view of the peak current was shown in the 
insert of Fig. 6.7, showing a significant frequency shift for different 
temperatures. 
 
Figure 6.7 AE current at different temperatures, insert: close-up view of the 
peak current region. 
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To reveal the temperature induced frequency shift more clearly, the 
frequencies of the peak current were extracted and plotted with respect to 
temperature, as shown in Fig. 6.8. Since the lithium niobate has a higher 
SAW velocity at lower temperature, which obeys a linear relationship [238], a 
blue shift of the resonant frequency of AE current would be seen as the 
temperature decreases, which was illustrated in Fig. 6.8. ~1.8 MHz of 
frequency offset was obtained when the temperature decreasing from 300 K 
to 8 K. 
  
Figure 6.8 Temperature dependent frequency of the peak AE current. 
 
The amplitude of the AE current at different temperatures is shown in Fig. 
6.9. Quite small current changes were seen in this measurement owing to 
the conductivity of large area graphene (> 1 µm) with the Fermi level away 
from Dirac point varying only slightly with temperature [235, 236].  The little 
fluctuation of the current with respect to the temperature might be caused by 
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change of IDTs’ coupling efficiency owing to the temperature-dependent 
resonant frequency shift. 
  
Figure 6.9 Temperature dependent amplitude of the AE current. 
 
6.3.2 Carrier localization feature of AE current in graphene nanoribbon 
When the dimension of graphene goes approaches the nanometer scale, 
potential barriers in graphene induced by grain boundaries, tears, wrinkles, 
charged impurities, edge disorder and band gap open [239, 84, 240, 241, 55, 
242] and can become significant. Then, the conductivity of graphene decays 
exponentially with the increase of 1/T.  On top of that, when the temperature 
is smaller than the potential barriers,  𝑘r𝑇 < 𝑃 Cxxvzx, carriers localization was 
seen in graphene and the conductivity of graphene nanoribbon decays 
slower than it at higher temperature [237], which has been demonstrated as 
shown in Fig. 6.10. 
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Figure 6.10 Demonstration of carrier localization in graphene nanoribbons, 
taken from Ref. [237] 
 
The AE current is roughly linear to conductivity of the carrier transport 
channel when the channel conductivity is much smaller than the 
characteristic conductivity [224]. The characteristic conductivity can be 
calculated by 𝜎í = 𝑣¦^§(𝜀 + 𝜀=), which is ~ 1 µS in the graphene AE device 
on LiNbO3. A DC measurement by using Keithley 2410 showed that the 
conductivity of graphene channel at low temperature in the device used in 
this section (shown in Fig. 6.11) was about an order lower than the 
characteristic conductivity of this device. This suggests that the two-segment 
feature of the temperature-dependent conductivity shown in Fig. 6.10 should 
also be observed in the temperature-dependent feature of AE current 
generated in graphene nanoribbons. 
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Figure 6.11 DC conductivity of graphene channel as a function of 
temperature. 
 
Figure 6.12 EBL images of the graphene channels in the two graphene AE 
devices with the channel width of (a) 224 nm, and (b) 249 nm, and the 
Raman spectra of these two devices plotted in (c) and (d), respectively. 
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Two graphene AE devices with graphene channels of width of around 
200 nm were fabricated between two IDTs, whose EBL images are shown in 
Fig. 6.12 (a) and (b); their Raman spectra are shown in Fig. 6.12 (c) and (d), 
in which the background Raman signals of LiNbO3 were subtracted. 
The device in Fig. 6.12(a) was utilized for the low-temperature AE 
experiments. Examples of the raw measurement are shown in Fig. 6.13 – 
Fig. 6.15, where Fig. 6.13 gives the SAW delay line response for different 
temperatures; the subsequent figures give the measured AE current at 
different temperature under the experimental conditions of IDT1 being 
supplied 5 mW of RF power (Fig. 6.14), IDT1 with 10 mW of RF power (Fig. 
6.15). Since the amplitudes of the current obtained were in the sub-pA to pA 
level at low temperature, a current pre-amplifier was used to obtain these 
data.  
 
Figure 6.13 SAW delay line response at a temperature of (a) 1.7 K, (b) 7 K, 
(c) 10 K, and (d) 20 K. 
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Figure 6.14 AE current excited by IDT1 with 5 mW RF power at temperatures 
of (a) 1.7 K, (b) 7 K, (c) 10 K, and (d) 20 K. 
 
Figure 6.15 AE current excited by IDT1 with 10 mW RF power at 
temperatures of (a) 1.7 K, (b) 7 K, (c) 10 K, and (d) 20 K. 
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It can be seen from the Fig. 6.14 that AE current was undetectable when 
excited by 5 mW RF power at low temperature, which means that the AE 
current was possible to pinch off by reducing the temperature. While, the AE 
current was visible at all temperatures when excited by 10 mW RF power as 
shown in Fig. 6.15. To clearly illustrate the temperature-dependent AE 
current pinch off in graphene nanochannel, the peak AE current as a function 
of SAW power was obtained from these data and plotted in Fig. 6.16. First, 
taking the AE current obtained at 5 K as an example, when the RF power 
was smaller than 9.2 mW, the AE current was found to be in the noise level, 
which means the AE current was pinched off. When the RF power exceeded 
9.2 mW, the AEI was found to be proportional to the SAW power. Comparing 
the figures in Fig. 6.16, we find that the RF power at which the AE current 
was pinched off was relevant to the temperature. Lower temperature resulted 
in a higher RF power, and when the temperature was high (50 K and 70 K in 
this measurement) the relationship of AE current with the SAW power was 
linear even at minimal RF power.  
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Figure 6.16 Peak AE current as a function of SAW power at different 
temperatures. 
 124 
Noticing that channel area of the device was very dirty as shown in Fig. 
6.12(a), to better investigate the AE current in graphene nanochannel at low 
temperature, a device with an improved graphene patterning in the channel 
with less contamination and flatter edges (Fig. 6.12(b)) was fabricated. On 
the other hand, noticing that the maximum output of the RF power source for 
the experiments on Fig. 6.16 was ~13 mW, a low noise amplifier (Mini-Circuits, 
ZHL-2010+) was used to investigate the AE current across a broader power 
range. Similar measurements to Fig. 6.16 were made for this device, and 
some of the data obtained for temperatures lower than 50 K are shown in 
Fig. 6.17.  
In this measurement, the temperature-dependent AE current pinch off in 
graphene nanochannel was also seen, as shown in Fig. 6.17. In order to 
illustrate this behavior more clearly, some measurement results with smaller 
power interval were put together in the same figure (Fig. 6.18). As shown in 
Fig. 6.18, the acoustic current flow was pinched off for small RF power at low 
temperature, and only when the RF power was larger than a certain value, 
the AE current was allowed and increased as the RF power increasing. The 
RF power at which the current was just pinched off was larger at lower 
temperature. On the other hand, comparing with Fig. 6.16, a new feature of 
AE current-RF power curve showed up at around 15 mW – 20 mW range 
(illustrated by red circle), where the AE current and the RF power was not 
linear, the explanation of which needs a further investigation and wasn’t done 
in this thesis. 
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Figure 6.17 Peak AE current as a function of SAW power at different 
temperatures obtained using an improved graphene AE device. 
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Figure 6.18 Peak AE current as a function of RF power at different 
temperatures, in which the power values illustrate the power at which the AE 
current began to be allowed. 
 
 It has been reported that boundary condition of graphene sample’s 
edges [237], grain boundary in polycrystalline-structured CVD graphene 
[241], and impurities and defects [84] could introduce potential barriers in 
graphene nanoribbons. Additionally, no Klein tunneling would show up for 
carriers in graphene nanoribbon. In that case, the carrier could only pass 
through the graphene channel when its energy was larger than the channel 
barrier, or its tunneling probability decayed exponentially in the channel 
direction. The carrier’s energy comes from thermal energy and SAWs. Only 
when the sum of potential of SAWs that applied on carriers and the thermal 
energy was larger than the potential of graphene channel barrier, the carriers 
could pass through the channel. This model explains the inverse relationship 
of temperature and “pinch off point”. Based on these thought, a model 
relating graphene channel barriers height, SAW potential and temperature, 
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as illustrated in Fig. 6.19, was proposed to explain this behavior. In Fig. 6.19, 
T is the temperature, SAW potential represents the maximum potential of the 
SAW, the levels of source and drain represent the chemical potential at the 
input port and output port of the channel, and the channel barrier is the 
maximum potential through the channel. 
 
Figure 6.19 A heuristic model for illustrating the condition that SAW could 
pump the carrier transport through the graphene channel. 
 
According to the relationship 𝑃eêChhzº	¸Cxxvzx = 𝑘r𝑇 + 𝑃¦^§ , illustrated in 
Fig. 6.19, the potential of the channel barrier should be obtainable by linear 
fitting since the value of kB and T were known, and the SAW potential was 
proportional to RF power, 𝑃¦^§ = 𝛼 ∙ 𝑃1S , where 𝛼  was a fitting coefficient 
and the RF power has been known. By using the data obtained in Fig. 6.18, 
the fit to the value of channel barrier was found to be ~1.3 meV (Fig. 6.20). 
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Figure 6.20 Linear fitting the relationship between the temperature and the 
RF power at which carriers was just pinched off from passing through the 
graphene channel. 
 
 
Figure 6.21 AE current with respect to reverse temperature. 
 
The AE current of the device pumped by 10 mW RF power as a function 
of 1/T was plotted in Fig. 6.21, from which a clear two-segment feature was 
seen. In the high temperature region, the current-temperature data was fitted 
by 𝐼 = 3619.2 × 𝑒𝑥𝑝(−94.46/𝑇), while in low temperature region, the current-
temperature data followed the relationship: 𝐼 = 3619.2 × 𝑒𝑥𝑝(−94.46/𝑇). The 
crossover point of these two fitting curves was found to be located at a 
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temperature around 16 K. The corresponding energy of the temperature was 
~1.4 meV, which should be similar to the potential of the channel barrier 
[237].  
The slight difference (~ 7%) of the values obtained by these two methods 
might be caused by: 1. The thermal energy of carriers should obey a 
Boltzmann distribution, whereas, by fitting 𝑃eêChhzº	¸Cxxvzx = 𝑘r𝑇 + 𝑃¦^§, 𝑘r𝑇 
was used as the thermal energy at T, which introduced the error in the fitting 
result. 2. The accuracy of the SAW power used for the fitting was limited by 
the interval of the RF power used for the measurement. 3. The generated AE 
current was in the noise level when the condition of  𝑃eêChhzº	¸Cxxvzx = 𝑘r𝑇 +𝑃¦^§  was just satisfied, making it difficult to get the precise SAW power 
enabling the carrier transport. 
6.4 Electric modulated acoustoelectric current 
In order to push towards quantized carrier transport, and by analogy with 
semiconductor systems, the AE current should be controlled electrically. 
Gate-voltage modulation of the AE current was therefore investigated. 
6.4.1 Device 
The device fabricated for this was imaged, as shown in Fig. 6.22(a), with 
a close-up view of the gated graphene area shown in Fig. 6.22(b). In this 
device, the wavelength of the IDTs was 16 µm with the space ratio of 1:1, the 
channel was 18 µm length and 10 µm width, the size of the gate was 12 µm, 
and the contact area of electrodes and graphene leads surpassed 200 µm2. 
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The gate electrode, located in the middle of the two leads electrodes, was 
isolated from the graphene channel by 100 nm of atomic layer deposition 
(ALD) grown Al2O3. The horseshoe shape dark area in Fig. 6.22(b) was 
graphene, which was visible under the microscope because of the thin layer 
of Al2O3. 
The conductivity of the graphene was modulated using a gate voltage, 
as shown in Fig. 6.22(c). The graphene channel reached the Dirac point at -7 
V, as given by the point of minimum conductivity, indicating n-doping for the 
graphene before gating. The reason for the n doping was that the reaction, 2𝐻=𝑂 → 𝑂= + 4𝐻| + 4𝑒Á(𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒), produced during the ALD process was 
enhanced at high growth temperatures [243]. The doping level of the 
graphene sample was calculated based on a capacitive model [4], to be 𝑛 =𝐶Y𝑉Y 𝑒⁄ ≈ 4.46 × 10=𝑐𝑚Á= . One concern is whether the graphene sample 
could be oxidized during the ALD process.  To check this, a device fabricated 
using the same recipe as the device for measurement was taken for a 
Raman measurement, after rinsing the device in MF319 solution to remove 
the Al2O3 layer. The measured Raman spectra are shown in Fig. 6.22(d), 
where clear G peak and 2D peak were seen, indicating a good quality for the 
single-layer graphene sample, even after the ALD process was undertaken. 
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Figure 6.22 (a) Microscopic image of tunable graphene AE device, (b) the 
close-up view of the gated graphene area of the device, (c) modulation of the 
graphene’s conductivity using gate voltage, (d) Raman spectra of graphene.  
 
6.4.2 Gate modulated AE current 
The device was first tested without gate voltage as shown in Fig. 6.23, 
in which similar resonant frequency of the SAW response (Fig. 6.23(a)) and 
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the position of peak AE current (Fig. 6.23(b)) confirmed SAW-induced carrier 
transport. Also, the measurement showed a negative current flow in the 
direction of the SAW travel, indicating electrons transport in the graphene, 
which is agree with the n-type doped graphene without gate as illustrated by 
Fig. 6.22(c).    
 
Figure 6.23 (a) Transmission of the SAW delay line, (b) AE current obtained 
without gate voltage. 
 
The electrically modulated AE currents were then measured at a 
temperature of 20 K, shown as Fig. 6.24. It can be seen that, when the gate 
voltage was higher than VD, the AE currents was always in the negative 
direction while the amplitude was linear to the SAW power; by contrast, when 
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the gate voltage was lower than VD, the AE currents was found to be positive 
for small SAW powers, and negative at large SAW power. 
 
Figure 6.24 AE current obtained at different gate voltage. 
 
The reason for the change of current direction at large SAW power 
when a gate voltage was lower than VD is likely to be that, in this gating 
condition, the graphene channel under the gate electrodes was effectively p-
doped, while the graphene area away from the gated region was n-doped. 
When the SAW potential was smaller than the Fermi level in graphene 
channel, only positive charge carriers could be transported through the 
graphene channel. Thus, the current direction found to be the same as the 
SAW propagating direction. On the other hand, when the SAW potential was 
larger than the Fermi level in graphene channel, both positive and negative 
charge carriers could be transported through the channel. In that case, if the 
SAW potential was large enough that the number of negative carriers 
trapped in the SAW potential from graphene leads was larger than the 
 134 
number of positive carriers trapped in the SAW potential from graphene 
channel, the current direction became opposite to the SAW direction.  
Fig. 6.25 gives the AE current as a function of gate voltage. As can be 
seen from this figure, when the SAW power was small, the current direction 
could be changed using gate voltage since the Fermi level was easy to 
surpass SAW potential. When the SAW power was so large that the Fermi 
level was much smaller than the SAW potential, the current direction was 
found to be always opposite to the SAW direction since the dominant 
quantity of carriers then came from the graphene leads, which were 
negatively doped. 
 
Figure 6.25 AE current as a function of gate voltage, generated by 1.5 mW 
RF power and 50 mW RF power. 
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6.5 Conclusion 
Graphene AE devices working at GHz frequencies, and operating at 
low temperatures, and tunable using gate voltage were realized. Pinch-off of 
the AE current was observed in a graphene nanoribbon at low temperature. 
The results were shown to agree well with a heuristic model, taking both the 
effect of temperature and of the potential barrier formed by ther graphene 
ribbon into consideration. The findings contributed to better understanding 
the acoustoelectric effect in graphene nanostructure and provided a stepping 
stone towards graphene-based quantized acoustoelectric current source. 
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Chapter 7  Conclusion and future work 
 
7.1 Conclusion 
This thesis explored the interactions between two-dimensional materials 
and structures with two kinds of high-frequency signals, namely terahertz 
electromagnetic waves and MHz to GHz surface acoustic waves. The 
physical background and key technologies relevant to these works were 
described in chapter 2 and chapter 3, respectively. Following that, several 
specific topics aiming for practical applications were explored, and some 
interesting results are achieved, which are listed as follows: 
1. A significant enhancement in the sensitivity of dielectric sensors based 
on the SRR terahertz metamaterials was produced by the introduction of 
etched trenches into the LC gap area. Both finite element simulations 
and THz-TDS experiments were utilized in this research. The 
introduction of etched trenches reduces the local effective dielectric 
permittivity of the SRR sensors, which is illustrated by the trenches 
induced blue shift of resonant frequencies. The enhancement of the 
dielectric sensitivity is demonstrated by the increase of frequency shift in 
response to the dielectric material deposited on the surface of the SRRs 
with thicknesses from 0 to 18 μm.  The works showed a sensitivity 
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formed at a depth of ~3.4 μm, for example. This approach overcomes 
the limitations of previously reported sensitivity enhancement methods 
based on the use of lower-index or ultrathin substrates. 
2. Free-space THz pulse detections using graphene bowtie 
photoconductive antenna were realized. The photogenerated carriers in 
graphene are accelerated by the electric field of THz wave, the signals of 
which are recorded by a THz-TDS setup. The SNR of the THz signal 
obtained by the graphene detector is ~130, with a bandwidth of ~2 THz. 
The linear dependence of the signal intensity on the intensity of the THz 
wave and the probe beam power was demonstrated. 
3. A broadband tunable THz polarizer with a geometry of hybrid graphene-
metal strip arrays was proposed, theoretically analyzed and 
experimentally demonstrated. The designed geometry of the hybrid 
graphene-metal strip arrays dramatically enhances the modulation depth 
compared with graphene strips owing to the increase of the effective 
conductivity of the strips and the enhancement of light-plasmon coupling 
in graphene. The direction-dependent modulation, the bandwidth, and 
the modulation enhancement of the polarizer were examined and 
illustrated with different geometries of devices using THz-TDS. Greater 
than 7 THz bandwidth and around ~18 times modulation enhancement is 
obtained experimentally, which agreed with the calculation results. Also, 
we predict greater than 40 THz bandwidth with a modulation depth of 
95% at 0.5 THz, with a maximum of >98% modulation depth could be 
obtainable according to our calculations, using state-of-the-art fabrication 
technologies. 
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4. Graphene AE devices working at GHz frequencies, operating at low 
temperatures, and tuning by gate voltage were explored. A network 
analyser was used for supplying RF signal and detecting SAW delay line 
response, and a Keithley SMU was used for the current measurements. 
Pinch-off of the AE current was observed for a graphene nanoribbon at 
low temperature. The feature of temperature-dependent AE current in 
graphene nanoribbon agrees well with a heuristic model relevant to the 
carrier localization in graphene ribbon, taking both the effect of 
temperature and the potential barrier formed by the graphene ribbon into 
consideration.  This model can be used to estimate the potential in the 
graphene ribbon, which was around 1.4 meV – 1.7 meV for the device in 
this work. 
7.2 Future work 
This thesis has created some opportunities for future investigations: 
1. The wavelength-independent absorption nature of graphene makes the 
graphene PC antenna being valid for other kinds of femtosecond lasers, 
including 1550 nm and 1064 nm fibre lasers. The wavelength-dependent 
properties of graphene as a THz detector could therefore be 
investigated. 
Experimental method: 
The geometry of experimental setup used in this thesis could be used for 
the further investigation by changing the wavelength of the femtosecond 
lasers. One optional method is to replace the existing femtosecond laser by a 
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new one with different wavelength (1064 nm fibre lasers, for example). 
Another optional method is to use frequency doubling crystal (BBO for 
example) to change the frequency of femtosecond laser. 
Data analysis method: 
The properties of graphene could also be investigated. The detected 
terahertz pulse, Edetect, by using photoconductive antenna is the 
convolution of the induced terahertz pulse, E0, the response function of 
antenna, Rantenna, and the response properties of the photoconductive 
material, Rmaterial, in the time domain, which can be written as 
E9ÈÖÈ)Ö ∝ J9ÈÖÈ)Ö = EURÕ<ÖÈ<<ÕUR=ÕÖÈÒÙÕü                                7.1 
Since in THz-TDS the detected current is used to represent the field of 
terahertz pulse and the only difference between the current and the THz field 
is a constant coefficient, detected signal Jdetect can be used for analysis. 
Rantenna could be obtained by simulation using CST for example. E0 could be 
obtained using a detector with the same geometry as graphene bowtie, but 
LT-GaAs as photoconductive material whose properties have been well 
known. Obtaining all these values, the properties of the graphene acting as 
photoconductive material for coherent terahertz detection could be analysed 
using equation 7.1. 
Theoretical consideration: 
In order to understand the dynamic properties of the evolution of carrier 
density in graphene, the physical processes of the photoexcited carriers 
 140 
should be considered. When an electron is excited from the valence band to 
the conduction band, the acquired energy of electrons is Ephoton/2. If this 
value is much larger than the chemical potential of graphene sample, several 
mechanisms would be responsible for the dynamics of carrier density: 
carrier-carrier scattering (Auger processes) and carrier-phonon scattering 
(electron-hole recombination), both of which need to be considered for 
understanding the behaviors of carriers in graphene. 
The Auger processes are quite different between n-doped graphene and 
p-doped graphene, as illustrated in Fig. 7.1. Works have been shown that in 
p-doped graphene carrier multiplication is expected, which should be taken 
into account for analysing the efficiency of graphene detector. 
 
Figure 7.1 Intra-band Auger process and inter-band Auger process in 
graphene with different doping properties. 
 
2. Three main achievements were obtained for graphene AE devices, 
which are extensions to GHz frequencies, AE current pinch-off at low 
temperatures, and tuning by gate voltage.  A further potentially promising 
line of research would be to attempt observation of a quantized 
 141 
acoustoelectric current in graphene, in which SAW frequency would then 
be locked to the carrier transport. 
Improvements being needed in fabrication: 
The GHz SAW delay line fabricated in this thesis is good enough for 
quantised AE device. While, it could be improved by enlarging the aperture 
of the IDTs and making the distance between IDT and graphene channel 
shorter to increase the efficiency of the device. 
 
Figure 7.2 SEM images of graphene channel with the width of 50 nm, 100 
nm, 200 nm, and 500 nm, respectively. 
 
A graphene channel with larger barrier potential could help to reduce the 
difficulties of measurements. The larger barrier can be obtained by reducing 
the width of graphene channel. I have done some researches on this with Dr. 
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Mark Rosamond, and 50 nm wide graphene has been realized, as shown in 
Fig. 7.2. 
100 nm Al2O3 has been proved its good performance for gating the AE 
current at gate voltage lower than 20 V. While further investigations are 
needed to better control the leakage / shorting currents. Possible methods 
would be using thicker Al2O3 layer, or CVD grown SiO2 or Si3N4 layers as 
dielectric materials. 
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